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FOREWORD 
This  report  descr ibes  the work done under Contract NAS7-273, "The 
Study of the Broad Application of Diffusion Bonding," for  Nat ional  
Aeronautics and Space Administration, Western Operations Office, Santa 
Monica, California.  "he cont rac t  vas i n i t i a t e d  with an ove ra l l  
o b j e c t i v e   t o  establish the important parameters in  diffusion bonding,  
the  range of materia3 cha rac t e r i s t i c s  which allows the process t o  be 
peiformed, and a de f in i t i on  of t he  problem areas involved  in  the process. 
This report covers the  results of  the s tudy.  
The project  and technical  manager f o r  t h i s  contract  i s  Norman J. 
t4ayer, Chief, Advanced Structures and Material Application, NASA, 
Washington, D. C. 
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Results are  presented of a study of the broad application of diffusion 
bonding. A comprehensive literature survey of the present  s ta tus  of  
diffusion bonding has been conducted and the information incorporated 
i n  t h e  r e p o r t .  The relevant aspects of "Diffusion Theory" have  been 
outlined, followed by a detai led discussion of  the fundamental  factors  
governihg the diffusion bonding process. The s t a t u s  of the process has 
been delineated through a presentation of the prac t ica l   appl ica t ions  and 
the experimental data on diffusion bonding. Consideration has been given 
t o   t h e  development of  a l o g i c a l  framework for  the  se lec t ion  of  a diff 'usion 
bonding technique for new joining applica-tions. Areas i n  which further 
work is  needed for developing the r e l i a b i l i t y   o f   t h e   p r o c e s s  and 
broadening its appl icat ions have been described. Finally,  the future 
po ten t i a l   o f   d i f fus ion  bonding has been reviewed by outlining the 
material cha rac t e r i s t i c s  and s t ruc tu res  which appear t o  be amenable t o  
jo in ing  by d i f fus ion  bonding. This study w i l l  provide assis tance in  the 
se l ec t ion  o r  r e j ec t ion  o f  a diffusion bonding technique for specific 
joining appl icat ions.  
.. . 
POTENTIAL 
A. INTRODUCTION 
The po ten t i a l  of diffusion bonding l ies  in  spec ia l i zed  jo in ing  
appl icat ions where retent ion of t h e  s o l i d  state is  important. For economic 
reasons, t h i s  process w i l l  probably not see broad appl icat ion in  the 
same sense that ordinary fusion welding techniques are now u t i l i zed .  
It w i l l  be employed t o  an increasing degree in making high strength 
j o i n t s  where optimum proper t ies  at temperature are required. In  the 
past ,  diffusion bonding has produced reliable metal bonding needed i n  
modern nuclear reactor fuel elements. Aerospace structural requirements 
o f  t he  fu tu re  w i l l  demand fullest u t i l i za t ion  of  the  proper t ies  of  
avai lable  materials. To meet t h i s  requirement, it w i l l  be mandatory t o  
use joining techniques t h a t  do not degrade material properties.  
It is emphasized t h a t  many of  the future  appl icat ions of  diff 'us ion 
bonding will r e s u l t  from the a b i l i t y   t o   r e t a i n  material propert ies  
during the  diffusion bonding process. When t h i s  consideration is  of 
consequence, diffusion bonding must be considered as a joining technique. 
In  general ,  some research w i l l  be required.before  reliable joining 
of new mater ia ls  can be accomplished. The level of such an e f f o r t  w i l l  
depend upon the material proper t ies ,  the s t ructural  configurat ion and 
p r io r   i nves t iga t ive  work. 
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Here, the potent ia l  of  diffusion '  bonding is discussed. The material 
and jo in t  conf igura t ion  charac te r i s t ics  which make the  p rocess  a t t r ac t ive  
for  jo in ing  appl ica t ions  are described, along with attendant l imiting 
factors .  Final ly ,  some o f  t he  spec i f i c  app l i ca t ions  are described. 
These i l l u s t r a t i o n s  are intended only to  be representat ive of  future  
needs and are not  indic3t ive of  process  l imitat ions.  
B. MATERIALS 
Theoretically,  a l l  s o l i d s  can be jo ined  by d i f fus ion  bonding. The 
technica l  feas ib i l i ty  of  the  process  has  been demonstrated fo r  j o in ing  
many metals and alloys, as w e l l  as various dissimilar metal and ceramic 
metal combinations (see Tables 3-1, 3-2 and 3-3). 
The po ten t i a l  app l i ca t ions  fo r  d i f fus ion  bonding w i l l  be primarily 
with materials having high temperature service capability. The generally 
higher cost  of diffusion bonding becomes j u s t i f i a b l e  when f ab r i ca t ing  
components for high temperature service. For lower temperature operation 
(e.g. below 1000 - 1500° F) , proper  select ion of  materials and a fusion 
welding technique w i l l  general ly  suff ice .  
The advantages of diffusion bonding which d is t inguish  it from 
standard fusion welding processes and on which i t s  f u t u r e  p o t e n t i a l  i s  
based are: 
(a) S o l i d  s t a t e  i s  maintained. 
(b)  Dissimilar metals can  be joined. 
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The following discussion w i l l  cover the material cha rac t e r i s t i c s  which 
make diffusion bonding attractive.  
1. Material Characteristics that Favor Diff-ion Bondinq 
( a )  S t r a in  Hardening Metals and Alloys 
Diffusion bonding, performed at temperatures below the melting 
point, minimizes the  changes i n  base metal properties.  Strain hardened 
metals derive strength and toughness ' through plastic deformation 
during fabrication operations.  To heat such metals above the i r  
annealing and recrystallization temperature can result in  undesirable  
and sometimes d r a s t i c  loss of these propert ies .  Examples include 
wrought steels, superalloys,  beryllium, molybdenum and tungsten. 
(b ) Heat Treatable Alloys 
Prec ip i ta t ion  and sol id  solut ion hardening are the strengthening 
mechanisms i n  heat treatable alloys. Fusion disturbs the heat treated 
condi t ion of  these al loys ahd allows grain growth and segregation. 
Sol id  state jo in ing  is  at t ract ive because it avoids the changes of 
the  heat treated condition which would ensue i f  the material were t o  
be taken to fusion temperature. 
( c )  Composite Materials (Metal l ic)  
With regard t o  f iber and particle strengthened composites,  the 
special  propert ies  of  these materials depend upon the  d i s t r ibu t ion  
i x  
and o r i en ta t ion  of the " s t ruc tu ra l "  cons t i t uen t  i n  the  "matrix". 
Fusion welding methods generally cause agglomeration of the  
I1  s t ruc tura l"  cons t i tuent  in the  weld zone and brazing results i n  a 
j o i n t  with proper t ies  of the brazing al loy.  Sol id  state diffusion 
bonding produces fabricated structures retaining the properties of 
the const i tuent  mater ia ls .  
It is possible  that e lec t ron  beam welding, with i t s  very s m a l l  
molten region, m a y  be s a t i s f a c t o r y   f o r   j o i n i n g  some composite 
materials. A decis ion for  the use of e lec t ron  beam welding o r  s o l i d  
state diffusion bonding will depend on the  jo in t  conf igura t ion ,  jo in t  
access ib i l i t y ,  component s i z e ,  economic considerations and o ther  
factors .  Examples of materials i n  this  c lass  inc lude  'I'D nicke l ,  
APM (Aluminum Powdered Metal), Lockalloy (Be-Al), tungsten wire- 
reinforced copper composites and cermets. 
(d)  Hi&y Reactive Etals and Alloys 
Diffusion bonding can be u t i l i z e d   t o   j o i n   t h e s e  materials with 
reduced chances of contamination when compared with fusion -welding. 
Brazing the  react ive metals  i s  frequent ly  sat isfactory,  but  considera-  
t i o n  must be given t o  erosion and corrosion problems. Examples of 
metals i n   t h i s  group include zirconium, titanium and oefractory metal 
al loys.  
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Diffusion bonding techniques have been used   for   jo in ing  low 
duc t i l i t y  ma te r i a l s .  So l id  s t a t e  bonds over  large contact  areas  are 
formed between br i t t le  materials and between duc t i l e  and br i t t le  
materials. For example, bonding of ceramic t o  m e t a l l i c  materials has 
become r o u t i n e  i n  the nuclear industry.  
Another example is the   d i f fus ion  bonding of beryllium 
accomplished at temperatures below 1400° F. Normally beryllium is  
joined by brazing at 800° F. Sol id  state joining provides encourage- 
ment for  fabr ica t ing  bery l l ium s t ruc tures  for  use  a t  temperatures 
as high as 1000° F and more. 
( f )  Incompatible Dissimilar Metals 
Diff'usion bonding of some metallurgically incompatible dissimilar 
metals has been achieved (Table 3-3) , Application of d i f fus ion  
bonding to  the  jo in ing  o f  dissimilar metals permits the engineer  to  
employ wide des ign  f l ex ib i l i t y ,  A bar r ie r  meta l  i s  necessary, however, 
to  prevent  the formation of br i t t le  zhases and in t e rme ta l l i c  compounds. 
Examples include cladding of uranium wi th  aluminum using columbium 
o r   n i cke l  as a b a r r i e r  and t h e  jo in ing  of n i c k e l   t o  molybdenum with 
a chromium barrier. Table 2-1 i s  a tabula t ion  of metals employed as 
d i f fus ion  barriers. 
Diffusion bonding of dissimilar metals holds great promise in 
the fabr ica t ion  of  components wherein optimization of Fhysical 
and mechanical properties i s  important. It is pointed out that  such 
j o i n t s  are generally more d i f f i c u l t   t o  make than similar metal 
jo in ts .  It is  necessary t o  produce a bond in t e r f ace  by diffusion 
tha t  cons i s t s  of one o r  more alloys having satisfactory mechanical 
properties.  
C. JOINT CONFIGURATION 
Diffusion bonding requires intimate contact between bonding surfaces. 
For th i s  r eason ,  t he  l ap  o r  ove r l ap  type  o f  bond has been and w i l l  continue 
t o  be  the  pr inc ipa l  jo in t  conf igura t ion .  By us ing  spec ia l  too l ing ,  jo in ts  
have been made i n  t h e  T- and butt  configuration, but the procedure i s  
much more d i f f i c u l t .  
Although diffusion bonding i s  limited in  the  type  o f  j o in t s  t ha t  can 
be made, r e l a t i v e l y  l a r g e  s t r u c t u r e s  are fabr ica ted  by u t i l i z ing  over lap  
joining. Fabrication w i l l  be expensive but high strength-to-weight ratio 
s t ructures  for  e levated temperature  service can be realized. 
In summary, the  des i r ab le  cha rac t e r i s t i c s  and the process requirements 
are l i s t e d  below. 
1. Desirable  Characterist ics 
(a) Diffusion bonds are continuous  and  gas-tight. 
(b )  Mul t ip l i c i ty  o f  j o in t s  may be made simultaneously.  Continuous 
overlap joints  over  a l a rge  area are possible. 
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( c )  J o i n t s  have been made i n  material as t h i n  as .0001 inch. 
(d )  Complex s t ruc tu res  may be fabricated with minimal dimensional 
change during fabrication. Post bond f in i sh ing  may be avoided. 
(e) Joint  corrosion resis tance w i l l  be s i m i l a r  t o  t h a t  o f  t h e  
individual metals because of t h e  minimized change in base metal  
microstructure and composition. 
2. Process  Requirements 
(a )  Flat, smooth  and clean  mating  surfaces  are  required.  Special 
su r f ace  c l ean ing  p r io r  t o  bonding is  generally necessary. 
(b)  Complex support  tool ing is required t o  f a b r i c a t e  s h e e t  
s t ruc tu res  with hollow configurations. 
(c )  Jo in ing  la rge  a reas  with high bonding pressures requires 
equipment capable of high force appl icat ion at high temperatures. 
For example, t o  bond an area of 10" x 10" a t  a bonding pressure of 
10,000 psi requires  a force of 1,000,000 pounds i f  the pressure i s  
applied through a die. The 10,000 ps i  could  eas i ly  be  a t ta ined  
wi th  gas pressure equipment bu t ,  i n  t h i s  p a r t i c u l a r  i n s t a n c e ,  t h e  
equipment s i z e  w i l l  determine the component s ize .  
(d) Diffusion bonding i s  normally conducted i n  a pro tec t ive  
atmosphere. 
(e)  Equipment cos ts  can be expec ted  to  r i s e  wi th  increased 
bonding pressures and temperatures. 
D. APPLICATIONS 
The use of diffusion bonding techniques w i l l  cer ta inly cont inue i n  
the nuclear  industry because of  the cont inued need to  join metal l ic  and 
ceramic materials for  appl ica t ions  which require  high j o i n t  r e l i a b i l i t y  
and close dimensional tolerances. 
In the aerospace industry,  applications are seen for  joining of  the 
high temperature metals and f o r  making dissimilar metal  joints .  The 
f u l l  u t i l i z a t i o n   o f  base metal p r o p e r t i e s   i n  a fabr ica ted  s t ruc ture  i s  
an a i m  sought i n  c r i t i c a l ,  high temperature applications. Diffusion 
bonding is the jo in ing  t echn ique  o f fe r ing  the  g rea t e s t  po ten t i a l  t o  meet 
t h i s  goal. 
Considering previously described material and j o i n t   c h a r a c t e r i s t i c s ,  
the  following applications are envisioned. 
1. Flat Materials with Overlap Joints 
The number o f   j o i n t s  formed at any one time can vary from one t o  
thousands. A,good  example is honeycomb manufactured from f o i l  by die 
pressure bonding. I n  this case, hundreds of sheets are bonded a t  one 
time and the HOBE is expanded t o  honeycomb. With the anticipated need 
% 
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f o r  high temperature,  high strength-to-weight ratio structures,  future 
appl ica t ions  of  th i s  type  of s t ruc tu re  are expected. 
The jo in ing  of  e lec t ronic  components with reliable cont ro l  of the  
in t e r f ace  (i.e. c rys ta l  s t ruc ture ,  d i s loca t ion  dens i ty ,  impur i ty  dis- 
pers ion,  e tc . )  w i l l  undoubtedly continue to be achieved through diffusion 
bonding. 
2. Composite S t ruc tures  
Composite s t ruc tu res  are fabricated assemblies of similar and/or 
dissimilar materials in  var ious geometr ical  configurat ions.  The 
s t ruc tu res   fo r  which diffusion bonding has p o t e n t i a l  are discussed below. 
( a )   F i l l e d  Composites 
These s t r u c t u r e s  are composed of  a skeletal network of a three 
dimensional array that forms the reinforcement  for  a f i l ler  material. 
The reinforcement could be a c e l l u l a r  honeycomb material o r  a sponge- 
l ike network of open pores. The filler is e i t h e r  a metall ic,  ceramic 
or an organic material. 
The po ten t i a l   app l i ca t ions  of diffusion bonding with r e s p e c t   t o  
this kind of composite are ev iden t  i n  three areas: 
(1) Fabricat ion of  re inforcing material. 
(2) Joining the re inforc ing  material t o  the  support  s t ructure .  
(3) Bonding the f i l l e r  material t o  the re inforc ing  and support 
s t ruc ture .  
(b) Laminates 
Laminates are s t ruc tu res  made up of  layers  of two o r  more 
d i f f e ren t  materials. There are innumerable applications for laminates 
stemming  from their  individual  and  combined propert ies .  Laminates a re  
engineered materials wherein the physical and mechanical properties 
are careful ly  considered to  produce a set of  resu l tan t  proper t ies  
which may be physical, chemical, mechanical or a combination. 
Diffusion bonding i s  w e l l  suited t o  joining of such materials. An 
i n t e r e s t i n g  example i s  a three-layer laminate that was designed for 
repeated exposure t o  high ve loc i ty  gases at 3 6 0 0 ~  F for  per iods  of  
up t o  1-1/2 minutes. The laminate consisted of a t h i c k  l a y e r  of 
copper diffusion bonded t o   t h i n   l a y e r s   o f  molybdenum and Type 3 1 6 ~  
s t a i n l e s s  s t e e l .  (50) 
( c )  Sandwich St ruc tures  
Sandwich s t ruc tu res  cons i s t  o f  two r e l a t ive ly  th in  f ace  shee t s  
bonded t o  a t h i c k ,  low density core. This bas i c  un i t  is used singly 
o r   i n   m u l t i p l e   u n i t s ,   o r  it can consist  of a sandwich with a s ingle  
facing sheet.  The sandwich s t ructure  provides  a very high sect ion 
modulus per  uni t  weight  and has many uses in high strength-to-weight 
ra t io  appl ica t ions  such  as -a i r f rame and missile construction. 
There are numerous vaziat ions of  cel lular  cores  (Figure 3-3). 
Recent developments inc lude  pa t te rns  of nes t ing  mushroom shapes 
an& cells with maltese cross  configurat ions for  added formability. 
Other variations include s m a l l  t ubes  a t t ached  to  the  f ac ings .  
Jo in ing  of  shee t  and  fo i l  materials t o  make these high strength- 
to-weight r a t i o  s t r u c t u r e s  i s  log ica l ly  a s o l i d  state joining process. 
Certainly,  brazing should a lso  be considered, but diffusion bonding 
holds the  greater promise for maintaining base metal proper t ies  in  
the fabricated s t ructure .  
Recently diffusion bonded titanium honeycomb panels were rnade 
(77) from titanium 75A core and titanium 8 Al-177-1 140 facings. 
3. Other High-Strength,  Light-Weight  Structures 
This group includes the conventional Structures with hollow configura- 
t ions ,  Examples include sheet and s t r inger  cons t ruc t ion ,  I-beams, rib- 
and truss-supported wing structures, multiple channel constructions,  etc.  
Such structures are widely used i n  airframe and missile construction. 
The use of diffusion bonding for  fabr icat ing these s t ruc tures  is 
considered when: 
(a) The desired joint cannot be s a t i s f a c t o r i l y  made by standard 
Susan techniques.  
(11) The funct ion to  be performed by t h e  resu l tan t  s t ruc ture  demands 
t h e  highest order   o f   jo in t   e f f ic iency .  
4. Other Structures from Thin and Medium Gauge Materials 
Fabr i ca t ion  o f  fo i l  and sheet s t ruc tu res  by diffusion bonding must be 
considered when erosion and burn-through associated with brazing and 
welding are problems. Certainly, diffusion bonding is needed when a 
continuous bond area is required. Examples of some poten t ia l  appl ica t ions  
inc lude  fabr ica t ion  of tubular shapes from superal loy and refractory 
metal sheet materials; fabricat ion of  space radiators  and heat t r a n s f e r  
assemblies; and jo in ing  of  dissimilar metals i n  t u b u l a r  and f lat  sect ions.  
E. SUMMATION 
Diffusion bonding is an a t t rac t ive  jo in ing  process  for  the  fo l lowing  
types of materials: 
Reactive & t a l s  
Wrought Metals 
Heat Treatable Alloys 
Composites 
Dissimilar Metals 
Brit t le Materials 
Curren t  l imi ta t ions  of diffusion bonding may be overcome through experi- 
mental work d i rec ted  at understanding the phenomena of in t e rd i f fus ion  
and the reby  inc reas ing  jo in t  r e l i ab i l i t y .  
Increases in bonding temperatures and pressures must be accompanied 
by apgropriate  improvements i n  the equipment and tooling. 
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Lap joint  configurat ions are most readily handled while T- and b u t t  
j o i n t s  are possible  but  more d i f f i c u l t .  
Composite and high strength-to-weight sheet structures provide a 
promising area for  appl ica t ion  of d i f fus ion  bonding. The developmental 
e f f o r t  may be l a rge ,  bu t  t he  rewards of optimized high strength-to-weight 
r a t i o  s t r u c t u r e s  are subs tan t ia l .  
The need fo r   d i f fus ion  bonding w i l l  continue t o  grow in the aerospace 
and nuclear  f ie lds .  As the use of elevated temDerature materials grows, 
the  need  for  so l id  state diffusion bonding will increase.  
x ix  
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CHAPTER 1. DIFFUSION THEORY 
A. INTRODUCTION 
Diffusion is the process by which matter is t ranspor ted  from one p a r t  
of a system t o  another by movement of atoms. I n  a macroscopic sense, 
d i f fus ion  is enhanced by the  inf luence  of a compositional gradient, 
r e s u l t i n g  i n  t h e  d i r e c t i o n a l i z a t i o n  of the  t r anspor t  o f  matter. From an 
atomistic viewpoint,  the random motion of atoms is understood t o  be 
d i r ec t iona l i zed  by application of energy or an energy gradient. This may 
come about due t o  a chemical, electrical  and/or thermal energy gradient i n  
a system, causing mass transport  along the gradient.  The mechanisms by 
which atomic motion occurs are d i scussed  in  the  sec t ions  of t h i s  chapter.(',*) 
These considerations are b a s i c  t o  s o l i d  state joining of materials by 
diffusion.  
B. MACROSCOPIC  ONSIDERATION OF DIFFUSION 
Diffusion may be described in a macroscopic sense by F i c k ' s  f i r s t  
and  second laws. These laws were formulated  in 1855 For an isothermal, 
isobaric  binary system consis t ing of a sinqle phase region of well-defined 
state i n  trliich diffusion occurs in only one d i rec t ion .  
F i c k ' s  f i r s t  law s ta tes  t h a t  t h e  q u a n t i t y  of diEfusinp, substance 
which  passes per unit time throuqh unit area of a plane a t  r i sh t  ang le s  
t o  t h e  d i r e c t i o n  of d i f fus ion  is known as t h e  f l u x  J and is proportional 
to  the  concent ra t ion  a rad ien t  of tke diffusinq substance. Representing 
1 
the  concentrat ion or  amount pe r  un i t  volume as C,  and t ak ing  the  X 
d i rec t ion  to  be the  d i f fus ion  d i rec t ion ,  F ick ' s  f irst  l a w  may be 
wri t ten : 
J = -D- ISC 
ISX 
I. 
The f a c t o r  D, known as the  d i f fus iv i ty  o r  coe f f i c i en t  o f  d i f fus ion ,  is 
introduced as a propor t iona l i ty  fac tor  and is  dependent on the atomic 
species . 
Fick' s second l a w ,  derived from the first, can be s t a t e d  as 
follows : 
11. 
where t = time. 
varies  with time 
This relation recognizes t h a t  the concentration ( C )  
( t) .
Equation I1 holds only for the case where the d i f f u s i v i t y  i s  constant,  
t h a t  i s ,  concentration independent. Actually, this will happen only i f  
the difference in  concentrat ion between two regions under consideration 
is  small and i f  the or iginal  concentrat ion of  t h e  diffusing substance i s  
s m a l l .  If these  r e s t r i c t ions  are not met, the general  form of 
Equation I1 can be stated as: 
I11 . 
Used t o  descr ibe sol id  state ? i f fus ion ,  these equations t e l l  u s  tha t  
dis tance t raveled by a diffusing substance i s  propor t iona l  to  E, 
where D is t h e  d i f f u s i v i t y  and t is  time. ( 9 )  
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C. ATOMISTIC  CONSIDERATION  OF  DIFFUSION(* S 3 )  
From an atomistic viewpoint,  several  mechanisms are proposed f o r  atom 
movement i n  s o l i d s  t o  d e s c r i b e  the phenomenon of diffusion.  Basical ly ,  
diffusion i n  so l id s  takes place by jumps of atoms from one l a t t i c e  s i te  
t o  another. An energy gradient  directs  the jumps of atoms and results i n  
a net migration of matter. The seve ra l  ways that  atomic migration can 
occur  in  c rys t a l l i ne  so l id s  are described below. 
D. DIFFUSION MECHMISMS 
The primary mechanisms of diffusion are considered t o  be: in t e r -  
stitial; vacancy; i n t e r s t i t i a l c y  and crowdion; and interchange of adjoining 
atoms. The following discussion of these mechanisms per ta ins  t o  d i f fus ion  
in  con t inuous  c rys t a l  l a t t i ce s  which are per fec t  aside from vacancies. 
In r e a l i t y ,  c r y s t a l l i n e  materials possess imperfections such as d is loca t ions  
and small and large angle grain boundaries which markedly influence 
diffusion. These imperfections will be considered later. 
(1) I n t e r s t i t i a l  Atom Movement: 
An atom i s  said t o   d i f f u s e  by an i n t e r s t i t i a l  mechanism when it passes 
from one i n t e r s t i t i d  s i te  t o  one of i t s  nea res t  ne ighbor  in t e r s t i t i a l  sites 
without permanently displacing any of  the matr ix  atoms. This is schemati- 
c a l l y  shown in  F igure  1-1. This mechanism is  proposed f o r  s o l u t e  atoms 
which normally occupy i n t e r s t i t i a l   p o s i t i o n s  , e.g. oxygen, nitrogen, carbon 
and hydrogen, and perhaps boron, helium and s i l icon .  The carbon-iron 
X 
Figure 1-1.. I n t e r s t i t i a l   D i f f u s i o n  
(a)  X i n d i c a t e s  t h e  i n t e r s t i t i a l  sites i n  an FCC u n i t  
(b) (100) p lane  in  FCC l a t t i c e  showing path of in t e r -  
stitial d i f fus ing  by i n t e r s t i t i a l  mechanism. 
c e l l .  
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system has been extensively studied and carbon is found t o   d i f f u s e  by 
t h i s  mechanism. (4 )  This mechanism should be dominant when s m a l l  L a t t i c e  
d i s t o r t i o n s  are s u f f i c i e n t   t o  allow movement of the diffusing element.  
However, when the  size of the i n t e r s t i t i a l  atom approaches t h e  s i z e   o f  
t h e  atoms i n  t h e  l a t t i c e ,  the necessary  d is tor t ion  of  t he  l a t t i c e  i s  
too  great and i n t e r s t i t i a l   d i f f u s i o n  i s  not favored. 
(2)  Vacancy Vechanism: 
Al c r y s t a l s  have  unoccupied l a t t i c e  sites known as vacancies. If 
one o f  t he  atoms from an adjacent si te jumps i n t o  t h e  vacancy, the atom 
is said t o  have moved by a vacancy mechanism. Schematically, it cas  be 
described as in  F igure  1-2. Although diffusion by a vacancy mechanism 
has been  generally  accepted  for most metals , t he  migrating atom must have 
suf f ic ien t  energy  to  overcome the energy barrier i n   o r d e r   t o  exchange 
pos i t ions  with a vacancy i n   t h e   l a t t i c e .  Vhen occupied by a d i f fus ing  atom, 
the vacancy has effectively moved i n  a d i r e c t i o n   o p p o s i t e   t o  t h a t  of  t h e  
occupying atom. I n  the next jump, the  atom may exchange positions with 
another adjacent vacancy i f  a v a i l a b l e  o r  with t h e  one it has replaced. If 
it exchanges position with the one it has replaced, there i s  no ne t  
migration; while i n  the other case,  atomic movement has taken place. 
It is  l o g i c a l  t h a t  t he  d i f fus iv i ty  should  be s e n s i t i v e   t o  the  
vacancy concentration i f  t h i s  i s  a v a l i d  mechanism. Eqe r imen ta l  work ( 5 )  
has demonstrated a r educ t ion  in  D by a f ac to r  o f  1,000 when a pressure of  
5 
c 
."- 
Figure 1-2. Vacancy Diffusion 
(a) A u n i t  c e l l  showing the  four atoms (shaded) which 
(b) A close gacked plane of spheres. 
must move before  the  ind ica ted  jump can occur. 
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570,000 p s i  i s  apDlied (vacancy concentration can be reduced by 
accomodation to the high pressure).  
(3)  I n t e r s t   i t i a l c y  and Crowdion Mechanisms : ( 9, 
These mechanisms are proposed to explain the movement of atoms, i n  a 
l a t t i c e  o f  similar s i z e  atoms, between a d j a c e n t  i n t e r s t i t i a l  p o s i t i o n s .  
The l a r g e   i n t e r s t i t i a l  atom is  said t o  d i f f b s e  by an i n t e r s t i t i a l c y  
mechanism i f  it pushes one of i t s  nearest-neighbor atoms i n t o  an in t e r -  
stitial pos i t ion  and occup ies   t he   l a t t i ce  si te previously occupied by t h e  
displaced atom (Figure 1-3b) . Such a movement involves s m a l l  l a t t i c e  dis-  
t o r t i o n  and has been proven t o  be t h e  dominant d i f fus ion  mechanism f o r  
s i l v e r   i n  AgBr. ( 6 )  
Another possible  mechanism, especial ly  for  face centered cubic  pure 
metals, involves the sharing of one l a t t i c e  si te by two atoms (Figure 1-3a). 
Diffusion can then occur by the  ro ta t ion  of  t h i s  pa i r  in to  another  cubic  
d i r e c t i o n  o r  by the displacement of one of the atoms so t h a t  t h e r e  a r e  two 
atoms on one of the nearest-neighbor  s i tes .  
The Crowdion mechanism involves the placement of an e x t r a  atom i n  a close- 
packed d i rec t ion ,  thus  d isp lac ing  severa l  atoms from their equilibrium posi- 
t i o n  as shown in Figure 1-3c. The s i m i l a r i t y  t o  an  edge d is loca t ion  i s  
evident. The energy required for  glide i n  the close-packed direction i s  small. 
(4 )  Interchange of Atoms: 
In  the 1930's  it was conceived that  diffusion could occur by a simple 
exchange of two nearest-neighbor atoms as seen in  F igure  1-4. However, t h i s  
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(C) 
Figure 1-3. I n t e r s t i t i d l c y  & Crowdion  Mechanism 
(a) (100) plane of FCC atom w i t h  i n t e r s t i t i a l  atom on in t e r -  
(b) (100) plane of FCC l a t t i c e  with two atoms sharing one s i t e .  
stitial site. 
This i s  F o s s i b l e  i n t e r s t i t i a l  c o n f i g u r a t i o n  i n  a d d i t i o n  t o  
that i n  D a r t  (a). 
atom i n  middle row). 
(Shewmon , P, G. Diffusion  Solids,  McGrav-Hill, 1963) 
( c )  (lll) plane of FCC l a t t i c e  showing a Crowdion (no te  ex t r a  
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mechanism requi res  d is tor t ions  comparable t o  an i n t e r s t i t i a l  mechanism 
for  a solvent size atom. By t h e  l a te  1940's, the high energy require- 
ments had convinced most workers t h a t  t h i s  was not a l i k e l y  mechanism. 
However, i n  1950 Zener('l) introduced the rinrg mechanism which describes 
atomic movement  when th ree  o r  fou r  atoms rotate a s  a grou9 (Figure 1-5). 
Such a mechanism requires considerably less d is tor t ion  than  that required 
for  a direct  interchange of two neighboring atoms. "he r ing  mechanism i s  
not known t o  ope ra t e  in  any metal or  alloy, but has been suggested as a 
mechanism which would explain some apparent anomalies i n  the d i f f u s i v i t y  
( D )  f o r  body centered cubic metals. 
Dif fus ion  in  c rys ta l l ine  so l ids  is character ized by one o r  more of 
the diffusion mechanisms discussed above. 
E. D I F F U S I O N  PATHS (2,3) 
I n  a polycrys ta l l ine  so l id ,  there are three primary paths along which 
diffusion may take place,  viz.  the c r y s t a l   l a t t i c e  , grain boundaries and 
free surfaces.  The diffusion taking place along these paths  is referred 
to ,  respec t ive ly ,  as volume, grain boundary and surface diffusion. 
(1) Volume Diffusion: 
Volume diffusion is  t h e  movement of atoms through the  c r y s t a l   l a t t i c e  
within the grains  of the metal. Atom movement i n  m e t a l  grains  is the con- 
t r o l l i n g   f a c t o r   f o r   d i f f u s i o n   i n  the s o l i d  state. 
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Figure 1-4. Direct Interchange of Neighboring Atoms 
Figure 1-5. Ring Mechanism showing three o r  four atoms 
ro t a t ing  as a 6you.p. 
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(2 )  Grain  Boundary  Diffusion: 
Grain boundaries are regions of  crystal l ine mismatch between adjacent 
g ra ins  in  a sol id .  These r e l a t i v e l y  "open",. h igh dis locat ion densi ty  
regions provide far less re s i s t ance  to  atom movement than  the  c rys t a l  
l a t t i c e s .  Hence, t h e  d i f f u s i v i t y  i s  higher along the grain boundaries. 
However, the contribution of grain boundary diffusion t o  the  ove ra l l  
d i f f u s i v i t y  of a system is  generally not large because of the small volume 
percent of grain boundary i n  a solid. Fine grained niaterials with a higher 
percent grain boundary can be expected t o  demonstrate increased diff 'usivity. 
( 3 )  Surface  Diffusion: 
Diffusion along free surfaces or phase boundaries i s  categorized as 
surface diffusion. There i s  ample qua l i ta t ive  ev idence  ind ica t ing  tha t  the  
mobili ty of atoms i n  f r e e  s u r f a c e s  i s  exceptionally high, viz.  several  
orders of magnitude greater than within a solid.  This observation applies 
bo th  to  se l f -d i f fus ion  and diffusion of  foreign atoms at free  surfaces .  
The surface tension or surface free energy enhances atomic mobili ty.  For 
example, i n  t he  s in t e r ing  o f  metal powders, the primary driving force i s  
the  decrease  in  free energy which accompanies the reduct ion in  the vapor  
s o l i d  i n t e r f a c i a l  area. The coarsening of p r e c i p i t a t e  p a r t i c l e s  i n  age 
hardening alloys i s  a similar example involving two sol id  phases .  
Crystal imperfections such as vacancies, small angle ( i  .e. 1' - 10') 
boundaries,  grain  boundaries  and  dislocations  enhance  diffusion. The mean 
jump frequency of an atom i n  these regions of imperfection i s  grea te r ,  
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giving rise t o  h i g h e r  l o c a l  d i f f u s i v i t i e s .  These are the geometrical, 
rather than the  energe t ic ,  fac tors  in f luenc ing  d i f fus ion  in  so l ids .  
F. DIFFUSIVITY 
The d i f f u s i v i t y  i s  a measure o f  t he  m a s s  t ranspor t  across  a plane 
per unit time. Quan t i t a t ive ly ,  t h e  d i f f u s i v i t y  I'D" i n  a system can be 
expressed by the  equation: 
D = Ae -(Q/W) 
where : 
T = temperature  in degrees Kelvin 
R = gas constant 
A = constant  dependent  on  atomic  vibration  frequency, t h e  entropy 
state, co r re l a t ion  of jumps and o t h e r  f a c t o r s  
Q = ac t iva t ion   energy   for   d i f fus ion  
I V .  
Diff 'usivity i s  a property of the atomic specie and i t s  crys ta l lographic  
arrangement. With t h i s  r e l a t ionsh ip ,  it is  poss ib le  to  descr ibe  and 
predic t  d i f fus ion  behavior  in  both  s ingle-  and multi-component systems. 
G. ACTIVATION ENERGY FOR DIFFUSION ( a )  
The act ivat ion energy for  diffusion is an important parameter for 
descr ib ing  d i f fus ion  in  so l ids .  It  has been determined, t o  va ry ing  
degrees of accuracy, for most elements of interest .  
Since Q is  a pronerty of the atomic specie and crystal lographic  
arrangement i n  a so l id ,  p red ic t ion  of activation energy values should 
theo re t i ca l ly  be Dossible. Toth and Searcy(8) have presented a nodel 
for  the  pred ic t ion  of tine activation Jnerpjr  for self-diffusion. The sun- 
mstion of the  energy  to  form and move a vacancy i s  shown t o  be equs.1 t o  
the act ivat ion energy for  self-diffusion,  8 s  indicated below: 
Crys  t a1 Activation 
S t ruc ture  Xnerw (Q) 
FCC (IICP) 16.0 Tm + -27 Ls 
22.6 BsVo + -27 L, VI. 
where : 
T, = melting  temperature  in  degrees  Kelvin 
L, = heat  oI" sublimation 
3, = bulk rr,odulus 
Vo = atomic volume 
The e n e r a  t o  form a vac&?cy is represented by -27 L,. !,Invement of 
vacancies is character ized bv: (1) 16 o r  111.7 T, or (2)  22.6 or 
23.8 3sVo. 
This treatment achieves overall  good agreement v i t h  exDerimenta1 
d&a and all of the garameters c&? be nessured. Closest agreement with 
eqe r imen ta l  ac t iva t ion  ene rg ie s  i s  obtained using thP com7ressibil i ty 
(3,) f o r  BCC metals and the melt ing point  (T,) for FCC (HCD) metal. 
Table 1-1 presents a congarison of exFerimental  activation energies with 
values predicted from the  above r e l a t ions .  Close qreement i s  seen with 
t h e  exception of zirconium. 
It i s  no ted  tha t  Q is p ropor t iona l  t o  Tm. Therefore, from Equation I V  
it i s  ev ident  tha t  as the melt ing point  increases ,  the temperature  that  
produces the same d i f f u s i v i t y  (D) a l s o  i n c r e a s e s ;  o r  i n . o t h e r  words, t h e  
d i f f u s i v i t y  (D) at a constant temyerature decreases. 
H. DIFFUSION IN BINARY SYSTEMS 
The d i f f u s i v i t y   i n  a binary system of n e t a l s  A and B i s  intermediate 
between their  se l f -d i f fus iv i t i e s .  Toth") and o thers  have  developed 
t echn iques  to  desc r ibe  the  d i f fus iv i ty  in  a l loy  so l id  so lu t ions .  The mole 
f r a c t i o n  of A i n  B ,  o r  v i ce  ve r sa ,  i s  the governing factor.  Three e x a q l e s  
of  the  var iance  of  d i f fus iv i ty  in  so l id  so lu t ion  b inary  sys tems are 
presented in Figure 1-6. The dependence of D on the melting temperature 
(ac tua l ly  the  so l idus  tempera ture)  i s  evident. 
When intermediate compounds and phases of A and B e x i s t  (i.e. incomplete 
so l id  so lub i l i t y ) ,  t he  va r i ance  o f  D will be more complicated. There w i l l  
be an e f f e c t  due to  the  presence  of  a d i f f e r e n t  c r y s t a l  s t r u c t u r e  and t h e  
surface energy of  the interface between  phases.  These considerations,  how- 
ever,  do not a l ter  the  prime dependence of d i f f u s i v i t y  on the melting point.  
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E l e m e n t  
L i  
N a  
K 
C r  
aFe 
Nb 
Ta  
w 
B T1 
B Z r  
Mg ( FCC)  
( H C P )  
Al 
Y Fe 
B c o  
N i  
cu 
zn 
43 
Cd 
I n  
P t  
A u  
a l l  
Pb 
aZr 
TABLE 1-1 (8)  
COMPARISON O F  EXPEIU!.ENTAT; AND CALCULATED  VALUES 
OF ACTIVATION ENERGY FOR DIFFUSIOIJ  - Q 
( a l l  values i n  kc&) 
E x p e r i m e n t a l  
13.2 
10.5 
9.1 
53.0 
59.2 
105 0 
110.0 
120.5 
20.0 
27.0 
32.0 
32.3 
64.5 
62.0 
66.8 
48.1 
22.7 
44.1 
18.6 
17.9 
68.0 
41.7 
22.8 
24.2 
22.0 
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(Bulk Modulus ) 
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20.3 
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54.0 
55.0 
56.3 
44.0 
20.7 
42.0 
20.3 
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68.8 
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Figure 1-6. Phase Diagrams and the  var ia t ion  of 5 with composition for the 
isomorphous systems iron-nickel, copper-palladium and copper-gold. 
(Birchenal,  C. E., "Volume Diffusion - An Empirical Study," i n  Atom 
lulovements , A S M  Publication, 1951) 
The in t e rd i fms ion  o f  A and B is an equi l ibr ium react ion whose 
completion is the lowest energy state of  the binary system. The 
variance from the lowest energy stems from t h e  d i s t i n c t  p r o p e r t i e s  o f  
A and R. The governing properties are: 
Physical 
Chemical 
Electronic  
Crys ta l l ine  S t ruc ture  
Lat t ice  Dimensions 
Defect Structure 
Large  d i f fe rences  in  d i f fus iv i ty  of  t h e  components i n  a binary 
system can cause the formation of voids  (Kirkendal l  effect) .  Diffusion 
of the element  with the higher  diffusivi ty  will be faster and, thus, voids 
may form i n  t h i s  metal. T h i s  e f f e c t  w a s  first observed in  the Cu-Zn system. 
The above considerat ions are applicable to multicomponent systems 
also, but  analyt ical  t reatment  i s  necessar i ly  mre d i f f i c u l t .  
I. SUMMARY 
Diffusion has been defined as the process by which matter is  t rans-  
ported from one part of a system to another by  movement -of atoms. It has 
been described i n  a macroscopic sense of Fick’s first and second laws. 
From an atomistic viewpoint, movement of vacancies i s  considered to be the  
predominant mechanism f o r  atomic motion. In  addi t ion ,  o ther  poss ib le  
mechanisms t h a t  were discussed are: i n t e r s t i t i a l  atom movement, i n t e r -  
s t i t i a l c y  and Crowdion mechanisms, interchange of atoms and t h e  r i n g  
mechanism, The three primary paths along which d i f fus ion  may take place 
in  po lyc rys t a l l i ne  so l id s ,  v i z .  the c r y s t a l  l a t t i c e ,  g r a i n  b o u n d a r i e s  and 
free surfaces  have  been  considered. The r e l a t i o n  between the  d i f f u s i v i t g  
"D", the act ivat ion energy "Q" and the temperature "T" is  described. 
Empirical  studies on t h e  determination of the ac t iva t ion  eneray  for  se l f -  
diffusion and for  diffusion in  binary systems have been reviewed. Finally, 
t h e  diffusion in  binary systems i s  examined and the  v a r i a t i o n  i n  "D" w i t h  
composition is  described. 
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CHAPTEX2-.. . DIFFUSION BONDING FUNDAMENTALS 
A. INTRODUCTION 
Diffusion bonding is  a joining technique by which coalescence of 
c l ean ,  c lose - f i t t i ng  pa r t s  i s  obtained through a combination of pressure 
and heat. Theoret ical ly ,  when atomically clean and smooth surfaces  are 
p laced  in  contac t ,  a sol id  bond i s  formed. However, in  genera l ,  sur faces  
cannot be prepared to  exhibi t  c leanl iness  and f la tness  on an atomic scale. 
To obtain a s o l i d  state bond between two pa r t s ,  it is  necessary t o  over- 
come t h e  problems presented by inherent surface impurit ies and roughness. 
It is the  purpose of t h i s  chapter  to  d iscuss  the  prac t ica l  means by which 
s o l i d  state bonding is accomplished. 
For purposes of discussion, solid state bonding can be divided i n t o  
two s tages:  (1) development  of  intimate  contact  between metal surfaces  
through local ized plast ic  f low,  and (2)  formation of a homogeneous bond 
through diffusion across the  interface.  Deformation of the in t e r f ace  i s  
dependent upon the p l a s t i c  f low p rope r t i e s  of t he  metals t o  be joined, 
while t he  diffusion of  any joining operat ion is  controlled by the fun- 
damental parameters which are presented in Chapter 1. 
The cont ro l l ing  mechanisms i n  t h e  diffusion bonding process are com- 
plex and interrelated.  Discussed in  t h i s  sect ion are the  means by which 
s o l i d s  are brought  together  and subsequent ly  diffused to  make a jo in t .  
For c l a r i t y ,  t he  sec t ions  o f  t h i s  chap te r  a r e  ou t l ined  below: 
Process Parameters 
The process parameters that control the bonding operation are 
pressure, temperature, time and atmosphere. 
Diffusion Bonding P rac t i ce  
So l ids  are joined by diffusion wi th  and without the use of 
intermediate metals. The discussion of the  relevant  factors  i s  
p resen ted  in  th i s  s ec t ion .  
Practical  Considerations 
This sect ion discusses  t h e  impor tan t  fac tors  to  be considered 
f o r  the attainment of intimate contact and d i f fus ion  of similar 
and d i s s imi l a r  metals. 
B. PROCESS PARAI'flTERS 
Pressure 
The primary purpose of pressure in diffusion bonding i s  t o   o b t a i n  
i n t i m a t e  contact of the surfaces t o  be bonded. It is  recognized t h a t  
surface roughness on the order of 10 t o  1,000 microinches w i l l  be 
encountered. To a t ta in  in t imate  contac t  of two s o l i d s ,  the pressure must 
be suff ic ient  to  cause plast ic  deformation of the surface irregularities 
i n  o r d e r  t o  f i l l  void areas. (lo) If t h e  pressure is  n o t  s u f f i c i e n t ,  
there w i l l  be voids a t  the  i n t e r f a c e  and the  contact area w i l l  be less 
than 100 percent. 
Temperature 
He,at i s  applied t o   f a c i l i t a t e  the  achievement of intimate contact 
and t h e  migration of atoms across t h e  in te r face .  The y ie ld  s t r eng th  o f  
a m e t a l  drops as the temperature increases and, therefore ,  t he  necessary 
p l a s t i c  deformation i n  the. interface region can be at ta ined through 
temperature  cont roZ. 
The migration of atoms across t h e  in t e r f ace  has  an exponential 
dependence on temperature (D = Ae-a’RT). Therefore,  other things being 
equal,  high bonding temperatures relative to the melting point should be 
used. P rac t i ca l ly ,  however, the ac tua l  bonding  temperature i s  limited 
by the following factors:  
1. The solidus temperature and the lowest melting consti tuent 
i n  the system must no t  be exceeded unless  t ransient  l iquid phase 
bonding is  intended. 
2. The recrys ta l l iza t ion  tempera ture  must not be exceeded i f  the  
r e c r y s t a l l i z a t i o n  and grain growth of t h e  metal are unacceptable. 
This comment refers t o  the components being joined and no t  l oca l  
i n t e r f ace  r ec rys t a l l i za t ion .  
3. When re t en t ion  of wrought o r - h e a t  treated proper t ies  is desired, 
the annealing temperature must no t  be exceeded. 
4, At high temperatures (2,000 - 3,000° F) , the  tendency t o  bond 
to f i x t u r e s  is greater.. 
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5. High temperatures incur higher process costs.  
The diffusion bonding temperature i s  a f f ec t ed  by some o r  a l l  of  these 
factors depending upon the  material and surface requirements. 
Time -
The time must be s u f f i c i e n t  t o  assure: (1) intimate contact , and 
( 2 )  adequate diff'usion across the in te r face .  
The time needed to  a t t a in  in t ima te  con tac t  i s  dependent upon the  
relationship of the bonding stress t o  the y i e l d  stress at the bonding 
temperature. The bonding stress i s  defined as the load  per u n i t  area 
of  jo in t .  
When the  bonding stress exceeds  the  y ie ld  s t ress ,  t h e  components 
being joined deform p l a s t i c a l l y  and int imate  contact  is accomplished 
i n  seconds o r  minutes. 
On the other  hand,  bonding s t resses  lower than the yield stress 
require creep and d i f f u s i o n  t o  a t t a i n  100 per cent contact area and, 
therefore ,  longer  times of the order  of  hours  may be necessary. 
The d i f fus ion  time is  strongly dependent upon temperature with 
higher temperatures favoring shorter t imes.  A con t ro l l i ng  f ac to r  w i l l  
be t%e impuri ty  level  of the interface region. Again,  the times can 
range from minutes t o  hours. 
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Atmosphere 
Severe oxidation results a t  t h e  hi'gh bonding temperatures normally 
employed and, therefore,  diffusion bonding is usua l ly  done i n  a vacuum 
o r  an atmosphere of i n e r t   o r  noncontaminating gas. 
In t e r f ace  d i f fus ion  and t h e  mechanical properties of the metals 
jo ined  are adversely affected by oxygen, nitrogen and hydrogen con- 
tamination. If t h e  time, temperature and pressure can be a d j u s t e d  t o  
e l iminate  or  reduce this  contaminat ion to  an acceptable level, bonding 
i n  a i r  i s  permissible. 
C. DIFFUSIOIJ SONDING PRACI'I CE 
There are two general methods of jo in ing  metals by d i f fus ion  
bonding. They are base-metal t o  base-metal and use of an intermediate 
material between the base metals. Each of these  methods i s  described 
i n  t h i s  s e c t i o n .  
Base-Eleta1 t o  Base-Metal System 
This is  the joint  system used in diffusion bonding process such as 
forge welding and pressure welding. The two clean m e t a l  surfaces are 
brought into contact for the required period of time a t  e leva ted  
temperatures. In the absence of lower strength intermediate metals, 
generally higher pressures are requi red  to  achieve  loca l ized  p las t ic  
flow on the interface.  Subsequent  diffusion in  the  j o i n t  i s  cont ro l led  
by the temperature and the d i f f u s i v i t y   o f   t h e  metals being bonded. 
- - 
Advantages 
The considerat ions that  make base-metal t o  base-metal Jo in ing  
a t t r a c t i v e  are l isted below: 
1. The proper t ies  of  the jo in t  should  be t h e  same as t h e  base 
metal s ince  no foreign elements have been introduced. 
2. By not using an intermediate metal, a process  s tep i s  
eliminated, 
3. I n  high  strength-to-weight  ratio  structures (e.g. honeycomb 
sandwich pane l s ) ,  t he re  can be a weight saving because no in t e r -  
mediate metal i s  used. 
This joint system i s  used t o   j o i n  components with minimal l o s s  
i n  t h e  mechanical and physical properties.  Dissimilar material com- 
ponents can be jo ined  by th i s  technique  when they  are  meta l lurg ica l ly  
compatible.  This i s  t r u e  when no phases  or  in te rmeta l l ic  compounds 
t h a t  are unacceptable i n  s e r v i c e  (i.e. detr imental  to  corrosion 
r e s i s t ance ,  mechanical p rope r t i e s ,  e t c . )  are formed.  Examples of dis- 
similar metal combinations a r e  presented  in  a later section. 
Requirements 
The requirements o f  base-metal t o  base-metal jo in ing  are l i s ted  
below : 
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1. Surface contamination must be low enough so t h a t  t he  mechanical 
propert ies  of  the resul t ing joint  are  not  impaired.  
2. The roughness and fitup of mating surfaces must be control led 
so  as t o  achieve intimate contact with minimal component deformation. 
Intermediate Met a1 Sys tem 
Diffusion bonding aided by an added meta l l ic  mater ia l  in  the  jo in t  
area i s  used advantageously. The system i s  character ized by bonding 
at lower pressures and temperatures than base-metal t o  base-metal joining 
as a result o f  the  genera l ly  h igher  d i f fus iv i ty  and lower y.ield strength 
of the intermediate metals. 
Advantages 
The advantages gained through the use of intermediate metals are: 
1. Intimate contact can be a t t a ined  a t  lower  temperatures  and 
pressures. 
2. Presence of an in te rmedia te  in  the  jo in t  p rovides  a concen- 
t ra t ion gradient  across  the interface,  thereby enhancing diffusion.  
3. Diffus iv i ty  i s  increased by t h e  use of intermediates which: 
(1) have a lower melting point,  or (2 )  form a low mel t ing  eu tec t ic  
or depressed solidus temperature when combined wi th  the  base metal. 
4. An intermediate material with a h igh  so lub i l i t y  fo r  oxygen, 
ni t rogen and carbon can perform a cleaning function on the  base 
metal and the achievement of a bond is  t h u s  f a c i l i t a t e d  by i n t e r -  
face cleaning " in  s i tu" .  For  example, s i l v e r  may be used t o  
deplete the oxide on t i tanium and aluminum surfaces.  
5. Jo in ing  of metallurgically incompatible dissimilar metals i s  
possible through a d i f fus ion  barrier. The purpose of the barrier 
is  to  p reven t  the formation of mechanically unacceptable micro- 
cons t i tuents  by in te rd i f fus ion  of  the materials t o  be joined. 
Diffusion theory and experimental. work(l5) suggest that  the 
p r inc ip l e  f ac to r  con t ro l l i ng  in t e rd i f fus ion  is the lowest barrier 
base m e t a l  solidus  temperature.  Figure 2-1 i l l u s t r a t e s  t h i s  point.  
Chromium is  used as a d i f fus ion  barrier between molybdenum and 
nickel. The sol idus temperature  for  IJ i -Cr  and N i - b ,  r espec t ive ly ,  
is 2450' F and 3380O F. Therefore, wi th  the  th ree  metals a t  the 
same temperature, the d i f fus iv i ty  o f  the C r 4 b  i n t e r f a c e  i s  many 
orders  of  magnitude l e s s  t h a n  the N i - C r  in te r face .  Thus, t h e  
Cr-Mo i n t e r f a c e  a c t s  as a barrier between the  Mi and Mo. 
Additional data on d i f fus ion  barriers i s  presented in  Table 2-1. 
(16) 
6 .  me lower bonding temperatures decrease the chance  of  micro- 
s t r u c t u r a l  changes i n  t h e  base metal (i.e. r e c r y s t a l l i z a t i o n ,  
annealing,  etc.  1 . 
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Figure 2-1. Interdiff'usion of Components of a Molybdenum Bar 
P l a t e d  with Nickel and Chromium a f t e r  600 hours 
at l l O O o  C. (DMTC No. 162, p. 35) 
TABLE 2-1. DIFFUSION BARRIER DATA 
Base 
Netal( s )  
W 
w 
w 
W 
w 
W 
T a  
Ta 
Ta 
Ta 
Ta 
Mo 
Mo 
Mo 
bb 
MO 
Mo 
Mo 
b10 
Me1 t i n g  
Point 
0 
6170 
6170 
61 70 
6170 
6170 
6170 
5425 
5425 
5425 
5425 
5425 
4730 
4730 
4730 
47 30 
4730 
4730 
4730 
4730 
Barrier 
Ir 
H f  
Rh 
V 
Zr 
Pt 
I r  
Rh 
C r  
zr 
Pt 
Ir 
H f  
Rh 
cr 
Fe 
N i  
Ti 
cu 
Melting 
Poin t  or  
Lowest 
Solidus 
Temp (F) 
4450 
4030 
3570 
3452 
3020 
3220 
4450 
35 70 
3092 
3362 
3220 
4 450 
3362 
33 80 
2642 
3524 
2400 
312 8 
1980 
- (F) 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
3090 
1830 
1830 
1830 
1830 
Diff’usion 
Zone : 
Micro- 
Inches 
1600-2000 
1000 
2400-3600 
2400 
4 800 
4400-8000 
1600-2400 
2000-5200 
800 
14,400 
1600-4000 
2200 
2000 
4800 
7200 
“ 
Remarks 
Intermediate phases 
Intermediate phases 
Intermediate phases 
No intermediate phases 
Intermediate phases 
Intermediate phases 
Intermediate phases 
Intermediate phases 
Intermediate phases 
No intermediate Dhases 
Intermediate phases 
Intermediate phases 
Intermediate phases 
No intermediate phases 
No intermediate phases 
Brittle in te rmeta l l ics  
Source 
No. 
12 
12 
12 
12 
12  
12 
12  
12  
12 
12 
12  
12 
12 
12 
12 
13 
356 Good bonds,  best barrier 13  
2069 Unbon de d 13 
with S S ” 0  
159 Weak r e s i s t a n c e   t o  13 
thermal shocking 
TABU 2-1. D I F F U S I O N  BARRIER DATA (Continued) 
Melting 
Base Point 
Metal( 6 )  (F) 
1Jb 4730 
Mo 4730 
310 SS 2550 
310 SS 2550 
310 SS 2550 
310 SS 2550 
k3 
310 SS 2550 
310 SS 2550 
310 SS 2550 
Cb 4380 
cb 43  80 
cb 43&0 
Cb 4380 
cb 4380 
cb 4 380 
N i - M o  " 
Barrier 
Elonel 
Pd 
Fe 
N i  
T i  
cu 
Monel 
Pd 
Ta 
Fe 
Ni 
T i  
cu 
%ne1 
Pd 
Cr 
Melting 
Point or 
Lowest Interdiffusion 
Solidus Temp  Time
Temp (F) ( F )  (Hrs) 
2300 1830 72 
2 810 1830  72 
2550 1830 72 
2600 1830 72 
1980 1830 72 
1985  1830 48 
2300 1830 72 
2390 1830 72 
2370 1830 48 
24 80 1830 72 
21 47 1830 72 
3128 1830 24 
1980 1830 72 
2300 1830 72 
72 2 810 1830 
[ cr-b ( 3380 1 
[ Cr-Ni ( 2450) 
Diffusion 
Zone : 
Micro- 
Inches 
649 
2502 
2670 
685 3 
606 
3 892 
4 888 
1469 
64 8 
1131 
2230 
2268 
10 
1301 
Source 
Remarks No. 
Brittle intermetal l ics   13 
Bond broken on thermal 13 
Best barrier with SS-Cb 1 3  
Best ba r r i e r  wi th  S S - a  1 3  
Brittle intermetallics  13 
Bond broke with thermal 13 
shocking 
shock 
Excessive  diffusion  13
Brittle intermetal l ics   13 
Poor mechanical bond 1 3  
Ses t  barrier f o r  Cb-SS 1 3  
Brittle intermetal l ics   13 
No bonding 1 3  
Bond broke with thermal 13 
shock 
No bonding 1 3  
Brittle intermetal l ics   13 
Good diffusion  barr ier  11 
TABU 2-1. DIFFSION BARRIER DATA (Continued) 
Melting 
Point  or  Diffusion 
Melting Lowest Interdiffusion Zone : 
Base Point Solidus Temp Time Micro- 
Metal(s) (F) Barrier Temp (F )  (F) (Hrs ) Inches 
Al-u-IOMO -- cb - " " " 
140-. 5Ti- " Cr C~"O ( 3380) 
Rene' 4 1  1800 4 " 
bb-. 5Ti- " C r  Cr-!b ( 3380) 
I? Haynes 25 1800 4 - 
Be-316 -- cu Be-Cu (2750) 
Stainless  1500 4 " 
Source 
Remarks No . 
Good diffusion  barrier.  1 4  
Effect ive  diffusion 76 
barr ier .  
Questionable barrier. 76 
Jo in t  f rac ture  at C r /  
Haynes 25 interface.  
Ineffect ive barr ier .  76 
Requirement s 
To achieve the advantages that  intermediate metals o f f e r   t o  
diffusion bonding, careful selection i s  required. These requirements 
are described below. 
1. The alloy formed by i n t e rd i f fus ion   o f   t he  base and intermediate ~ 
metal must have usable engineering properties (i.e. s t rength ,  
duc t i l i ty ,  cor ros ion  res i s tance ,  thermal  s tab i l i ty ,  e tc .  ) . There- 
f o r e ,  some s o l i d  s o l u b i l i t y  i s  required and br i t t l e  in t e rme ta l l i c  
compounds o r  phases must be minimized or  e l iminated.  Complete 
s o l i d  s o l u b i l i t y  i s  t h e  most desirable re la t ionship .  Combinations 
wi th  so lub i l i t y  as low as several  percent can be used i f  extended 
t i m e  diffusion t reatments  are acceptable. 
2. Combinations  having low remelt temperatures must be eliminated 
from t h e  i n t e r f a c e  by diffusion treatments.  It  should be noted 
that  "low" is r e l a t ive  to  jo in t  s e rv i ce  t empera tu re .  
3. - Voids  must not  form as a r e s u l t  of in te rd i f fus ion .  When the 
d i f f u s i v i t y  (i.e. mel t ing point)  of  two metals differs g rea t ly ,  
it i s  p o s s i b l e  f o r  t h e  metal w i t h  t h e  h i g h e r  d i f f u s i v i t y  t o  
diffuse i n t o  the  o ther  meta l  fas te r  than  the  reverse  can happen, 
thus voids can form i n  the lower melting metal.(15,17) This 
phenomenon i s  called the Kirkendall Effect. Current understanding 
does not  a l low rel iable  predict ions of  the dissimilar metal com- 
binat ions which w i l l  not develop voids by t h i s  mechanism. 
4. The intermediate material must be c u r r e n t l y  o r  p o t e n t i a l l y  
ava i l ab le  in  a usable form and be appl ied by standard techniques 
(i.e. f o i l ,  powder, plated, metal sprayed o r  fiber deposited 
l aye r ,   e t c .  1. 
5 .  The general requirements of a d i f fus ion  barrier are described 
here. Performance of B as a d i f fus ion  ba r r i e r  between A and C 
r equ i r e s   t ha t  : 
(a )  Mechanically satisfactory A-B and B-C bonds  can be made. 
( b )  Su f f i c i en t  B i s  present  so t h a t  A and C cannot inter-  
diffuse during bonding o r  in  se rv ice .  
(c)  Presence of  B i n  t h e  j o i n t  i s  acceptable. 
D. P R A C T I C A L   C O N S I D E R A T I O N S  
It i s  appropriate now to  d i scuss  the  p rac t i ca l  f ac to r s  r e l evan t  
t o  d i f f u s i o n  bonding.  These considerat ions natural ly  evolve in  appl i -  
ca t ion  of  d i f fus ion  theory  to  so l id  state joining. The d i f fus ion  
bonding process i s  divided into two basic stages for purposes of 
discussion: (1) development  of  intimate  contact  between metal sur- 
faces through localized plastic flow, and ( 2 )  formation of a homo- 
geneous bond through diffusion across  the interface.  The o r a c t i c a l  
considerations involved in carrying out these stages w i l l  be discussed 
indfvidually. 
This sec t ion  is completed with a discussion of dissimilar metal 
bonding and release materials. 
Achievement of Intimate Contact 
Two surfaces are in  in t imate  contac t  when the proximity of the sur- 
faces i s  such tha t  the  in te ra tomic  forces  ac t  across  the  in te r face .  I n  
e f fec t ,  the  gra ins  of  t he  two pieces  of  m e t a l  are brought together so 
t h a t  t he  in t e r f ace  i s  no more than a normal grain boundary. The areas 
over which such contact i s  established between atomically clean surfaces 
w i l l  exh ib i t  the  mechanical properties of the  joined metals. Evidence 
of t h i s  adhesion i s  seen in metals t h a t  come in  con tac t  w i t h  each other 
when in  ul t ra-high vacuum. (18) 
Intimate contact i n  diffusion bonding w i t h  a t r a n s i e n t  l i q u i d  i n t e r -  
face is r ead i ly  accomplished when t h e r e  i s  suff ic ient  intermediate  m e t a l  
t o  f i l l  t h e  voids  associated with surface  roughness.  Establishment  of 
this contact over the e n t i r e  i n t e r f a c e  i n  s o l i d  state bonding requires 
plast ic  deformation to  e l iminate  the surface roughness  voids .  
Problems 
The s p e c i f i c  problems involved in achieving surface contact and 
forming strong bonds are discussed here. 
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1. Surface Impurities 
The sur face  of  a metal gene ra l ly  cons i s t s  o f  one o r  more oxide 
layers  of  varying thickness .  In  addi t ion,  the  presence of surface 
impurities such as adsorbed gas layers and contamination of the 
surface metal  with carbon, nitrogen, oxygen and hydrogen are 
o b s t a c l e s  t o  t h e  foxnation of intimate metal-to-metal contact and 
s t rong  bonds. (18’19) These surface impuri t ies  can increase the 
required bonding pressure necessary to produce plastic flow a t  the  
in te r face .  (18) 
2. Surface Roughness 
I n  p r a c t i c e ,  it i s  found tha t  even the  smoothest surfaces 
produced by available techniques have i r r e g u l a r i t i e s  i n  t h e  form of 
a s p e r i t i e s  and depressions in  t h e  o rde r  o f  l O O O A  ( 4  microinches). 
Because of t h i s ,  t h e  contact a t  t h e  i n t e r f a c e  is loca l i zed  and 
voids are present. Generally the  area of contact i s  larger and 
the void volume smaller when the sur faces  are smoother as seen i n  
Figure 2-2. 
(10) 
This simple description i s  q u a l i f i e d  by some recent work. 
Comparison of the diffusion bonding of coDper between a 250 t o  an 8 
microinch surface and a 125 t o  an 8 microinch surface showed a l a r g e r  
contact area f o r  the  250 t o  8 microinch  combination. The rougher  sur- 
face (250 microinch) w i l l  have fewer contact  points  and thereby higher 
l o c a l  bonding s t r e s s e s  i f  t he  same o v e r a l l  bonding stress i s  used i n  
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250 r m s  
125 nns 
8 rms 
x 100 
F i g u r e  2-2. Sketch showing contact between surfaces of 
varying r m s  roughnesses. The dotted  region 
represents the void volume. (BMI NO. 1512, p.33) 
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each case. Possibly the h ighe r  l oca l  i n t e r f ace  stresses cause more 
severe plastic deformation achieving a greater  contact  area. 
We see then t h a t  the smothes t  su r f ace  is not  necessar i ly  the  
most desirable surface for diff’usion bonding. It  is  expected tha t  the 
optimum surface roughness w i l l  depend on the deformation properties of 
the materials being 3onded. (10) 
Methods of Achieving Intimate Contact 
I n  p r a c t i c e ,  there are a number of methods t h a t  are  used to  promote 
intimate contact of surfaces t c  be bonded. A discussion Of these i s  
presented below. 
1. Chemical  and E l e c t r o l y t i c  Cleanin& 
Chemical and e lec t ro ly t i c  c l ean ing  a re  used  to  remove the con- 
taminated surface layers,  thereby reducing the impediments t o   p l a s t i c  
flow a t  the surface and minimizing t h e  nucleation sites for vacancies 
and voids. This type of c l e a n i n g  a l s o  r e s u l t s  i n  a generally desirable 
decrease in surface roughness. 
2. Mechanical  Surface  Treatments - Surface  Abrading,  Etc. 
Mechanical surface treatments may be u s e d  i n  a d d i t i o n  t o  o r  i n s t e a d  
of chemical treatments t o  remove t h e  contaminated surface layers. 
Abrasion s t r ips  off  the contaminated surface layers  and presents  clean 
surface for metal-to-metal contact. ( 1 9 )  
3. P l a s t i c  Deformation 
As mentioned before, plastic deformation of the in te r face  reg ion  
during bonding produces intimate contact. 
The voids associated with surface roughness have t o  be eliminated 
t o  provide diff 'usion paths across the interface. Consider the case of a 
surface wi th  a f i n i s h  of 500 microinches being bonded t o  a surface with 
a f in i sh  o f  8 microinches. Figure 2-3 shows the  inc rease  in  area of 
contact with increase in bonding pressure for copper.  (lo) The dark 
areas have been p l a s t i c a l l y  deformed. 
As seen i n  t h e  i l l u s t r a t i o n ,  complete contact can be achieved wi th  
the elimination of t he  voids. The bonding pressure required to produce 
suff ic ient  f low to achieve int imate  contact  depends on the surface 
roughness and bonding temperature. Mutual p las t ic  deformat ion  of  the  
mating surfaces serves to break through surface films and promote contact. 
4. Use of  Low Yield Strength Intermediate Materials 
Low y i e l d  stress intermediate materials allow intimate contact at 
reduced  bonding  temperature  and  pressure. Thus, a surface roughness 
tha t  is undesirable  in  terms o f  ( 3 )  above can be acceptable by 
providing an intermediate material more amenable t o   p l a s t i c  deformation. 
5. Transient  Liquid  Phase 
The use of a t r ans i en t   l i qu id   phase  which can subsequently be diffused 
away i s  a means of  a t ta ining int imate  contact  of two m e t a l  sur faces  at 
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Figure 2-3. Sketch  Representation of 
Deformation Process 
(BMI No. 1512) 
low pressures (i.e. 1 - 10 p s i ) .  "he l iqu id  phase-a l lows  the  la rge  
sur face  movement t h a t  i s  normally accomplished with high bonding 
pressures. It i s  no ted  tha t  there must be suff ic ient  intermediate  
metal t o  f i l l  the voids  f r o m  the surface roughness.  Qualitatively,  one 
would expect  that  the intermediate  thickness  must exceed t h e  average 
roughness of the surfaces being joined. 
Diffusion Across the Bond In t e r f ace  
The goal i s  a bond which a l lows  the  fabr ica ted  par t  to  behave l i k e  
a s o l i d  homogeneous body having the properties of the joined metals. 
The degree of m a s s  t ransport  required is  governed by the  nature  of  the 
bond after the  first s tage ,  i.e. the extent of intimate contact achieved, 
presence of foreign elements at t h e  i n t e r f a c e ,  and the service requirements 
of  the  fabr ica ted  par t .  The l a r g e r  the  a rea  of t rue  in t ima te  contact,  t h e  
easier it is  t o  achieve the desired diffusion across  the in te r face .  When 
low melting intermediates are used, the service requirements may o r  may 
not require complete diffusion of t h e  intermediate material away from 
t h e  jo in t .  
Problems 
It i s  l o g i c a l  t o  proceed by discussing the f ac to r s  t h a t  i n h i b i t  
diffusion across  the bond in te r face .  The obs t ac l e s  t o  a ton  movement 
are presented f irst  and the following section covers the f ac to r s  
inf luencing the interface diffusion.  
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1. In t e r f ace  Voids 
When t h e  p l a s t i c  flow at the  in t e r f ace  du r ing  t h e  first s tage  
of bonding i s  insuff ic ient  to  achieve complete  conformance of the 
mating surfaces,  there are voids. No d i f fus ion  will take place 
through these voids. Furthermore, they w i l l  tend t o  combine and 
grow i n  an attempt t o  reach a minimum surface energy condition. 
These voids can produce a pinning effect  on t h e  i n t e r f a c e  and 
retard loca l  r ec rys t a l l i za t ion ,  as seen in Figure 2-4. 
2. In te r face   Impur i t ies  
Surface impuri t ies  in  the bond in t e r f ace  ac t  as d i f fus ion  
barr iers  and,  therefore ,  must be minimized. In  addi t ion ,  they  are 
undesirable from a mechan5.cal point  of  view.  These impuri t ies  are 
present  in  the  form of  metal oxides, adsorbed gases, organic 
mater ia ls  and d i s so lved  in t e r s t i a l s .  i.bvement o f  t he  in t e r f ace  can 
be retarded when impur i t ies  ac t  as s i t e s  f o r  vacancy formation, 
thereby pinning t h e  in te r face .  
3. Void Formation 
When one element diffuses into another faster than t h e  reverse  
happens, it i s  poss ib l e  fo r  vo ids  to  deve lop  in  t h e  f i r s t  element. 
This phenomena i s  ca l l ed  t h e  Kirkendall  Effect and is  observed with 
e lements  of  grea t ly  d i f fe r ing  d i f fus iv i t ies  (i.e. copper and zinc). (3) 
. 
Figure 2-4. Sketch of a lOOX photomicrograph showing i n t e r f a c i a l  voids. 
Copper specimen bonded a t  1125' P for  1.5 hours at a pressure 
of 24,000 psi. Sketch shows specimen annealed 4 hours at  1900' F 
etched w i t h  30 Lactic - 91€N03. (BMI No. 1512, p. 50) 
The void formation occurs in the element having the lower melting 
Toint and h igher  d i f fus iv i ty  (F igure  2-5). 
It i s  not  a lways possible  to  predict  what combinations of 
elements w i l l  produce t h i s  phenomena. When metals having large 
d i f fe rences  in  mel t ing  poin t  are allowed t o  i n t e r d i f f u s e ,  v o i d  
formation by the Kirkendall  mechanism must be considered. 
Methods of Controll ing Diffusion 
Diffusion treatments are conducted at elevated temperatures  for  
times varying from minutes t o  hours. The grains  a t  the  in t e r f ace  under- 
go r ec rys t a l l i za t ion  and growth wi th  eventual  e l iminat ion of  the inter-  
face. The  means by which the bond in t e r f ace  i s  modified are discussed 
under the separate headings below. 
I. High Temperature  Diffusion 
The principle requirement for the gross macro d i f fus ion  is  a 
high temperature. The following w i l l  i l l u s t r a t e  t h e  e f f e c t  o f  
increasing temperature. Take a metal with an activztion energy 
of  50,000 cal/mole a t  a temperature of 1300" F. Using the equat ion,  
D = Ae-Q/RT, it is  shown tha t  a 180° P temperature  r ise  w i l l  
increase t h e  d i f f u s i v i t y ,  D ,  by a f ac to r  of 10. Then, a q l y i n q  
d = s, where d = distance an atom t r a v e l s ,  
D = d i f f u s i v i t y  and 
t = time, 
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Figure 2-5. Void Formation due t o  Kirkendall  Effect.  Sketch Of ?hot+ 
. C  
micrograph showing TZM alloy bonded with titanium intermediate. 
Etched for titanium, (Reference "Basic I*tallurgy Of Diffusion 
Bonding", Interim Technical Documentary Progress Report 1, 
August 24,  1964, prepared by Solar.) 
TZM 
Titanium 
TZM 
it is  seen that increasing D by a factor of 10 w i l l  t r ig le  the 
dis tance an atom can t r a v e l  i n  a given time. 
2. Intermediate Metal 
The intermediate metal i s  used for  two reasons: (1) t o  enhance 
the  d i f f u s i v i t y ,  and ( 2 )  t o  make in t imate  contac t  more readi ly  
attainable.  Generally an intermediate metal w i l l  have a lower 
melting point and, therefore,  lower yield strength at the bonding 
temperatures used for t h e  base metal. These character is t ics  enhance 
both the diffusivity and the achievement of intimate contact. 
3. Transient Liquid Phase (1) 
I n  eutectic bonding and diffusion brazing,  a t r a n s i e n t  l i q u i d  
phase i s  ut i l ized because i t :  (1) inc reases  d i f fus iv i ty ,  and ( 2 )  
makes int imate  contact  readi ly  a t ta inable .  The term " t r ans i en t  
l i q u i d  phase" s i g n i f i e s  a phase t h a t  can be eliminated through 
diffusion.  
The bonding temperature w i l l  be in  excess  of  t h e  e u t e c t i c  
temperature for t h e  two metals concerned o r  above t h e  melting goint 
o f  t he  brazing f i l ler .  It is  recognized t h a t  the amount of  the  
intermediate metal must exceed t h e  void volume due t o  s u r f a c e  
roughness. By d i f fus ing  the  low melting consti tuents or compositions 
from t h e  jo in t  reg ion ,  t h e  remelt temperature can be raised above 
the  bonding temperature. 
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4. Surface  Deformation 
I t  i s  recognized that  deformation of the su r face  p r io r  t o  
jo in ing  w i l l  produce s t r a i n s  and a high dislocation density.  Upon 
subsequent heating, this surface w i l l  t e n d  t o  r e c r y s t a l l i z e  at a 
lower temperature than the remainder of the material .  Thus, t h e  
atomic mobility has been enhanced at the surface.  This effect  has 
been observed t o  have an advantageous effect on the  diffusion 
bonding. This surface deformation can be brought  about by abrasion, 
shot  peening , (20)  gr i t  b las t ing  and similar techniques. 
5. Surface  Cleaninq 
The su r faces  to  be joined are cleaned by abrasive, chemical 
and/or  e lec t r ica l  methods  depending  on the  materials. The removal 
of  t h e  surface oxides and other contaminating particles and films 
is  requi red  to  e l imina te  the  diffusion barriers i n  the  joint  region.  
In addition, the mechanical properties of a j o i n t  are adversely 
affected by the presence of oxides and other contaminating 
(21) 
par t i c l e s .  
Dissimilar Metal Bonding 
So l id  state jo in ing  i s  of ten  the  bes t  and perhaps the only method 
fo r  j o in ing  dissimilar metals. The physical  and mechanical properties,  
notably thermal expansion, ducti l i ty,  strength and modulus of  e l a s t i c i t y ,  
w i l l  vary and merit careful  considerat ion for  each dissimilar metal 
combination. 
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Thermal Stresses 
The d i f f e r e n t  thermal expansions of metals jo ined  toge ther  resu l t  
i n  non-uniform mechanical response to temperature change. Thermal stresses 
of s u f f i c i e n t  magnitude t o  f r a c t u r e  a j o i n t  can develop during cool down 
from t h e  bonding temperature or during service. 
An estimation of t h e  thermal  s t resses  t h a t  t h e  bond and the com- 
ponent can experience during joining and i n  se rv ice  i s  necessary. The 
values of these s t r e s s e s  depend upon the  component dimensions, properties 
mentioned  above  and the magnitude of  the temperature change. Table 2-2 
presents  a l i s t  of thermal. expansion coefficients. The coe f f i c i en t  o f  
thermal expansion i s  t h e  major f a c t o r  t o  c o n s i d e r ,  w i t h  larger 
differences producing high thermal stresses. 
The d i r ec t  approach  to  th i s  problem i s  t o  design t h e  j o i n t   i n  such 
a manner t h a t  the thermal  s t resses  are  acceptable .  A proposed.solution 
i s  t o  use an intermediate metal with a coeff ic ient  of  expansion inter-  
mediate between that of  the  two dissimilar base metals. (22) Another 
poss ib le  so lu t ion  is t h e  use of a t r a n s i t i o n a l  material between the two 
dissimilar metals. The t r a n s i t i o n a l  material is composed of  powders 
of the  two base metals. The composition varies so t h a t  the  expansion 
coe f f i c i en t  gap between the  dissimilar metals i s  bridged. 
(23) 
Galvanic Corrosion 
The principle of galvanic corrosion states t h a t ,  "When two unlike 
metals are connected in good contact and exposed t o  a solution capable 
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TABLE 2-2. THERMAL EWANSIOB COZPF'ICIENTS (22) 
Material 
Zinc and i ts  a l loysC 
h a d  and i t s  alloys' 
Magnesium a ~ o y s b  
Tin-lead-antimony al loysc 
Aluminum and i t s  a l loysc  
Tin and i ts  a l loysc  
UraniumC 
Tin and aluminum brasses' 
P la in  and leaded brasses' 
S i   l v e  x-'
Cr-Ni-Fe Superalloys  d 
Heat r e s i s t a n t  a l l o y s  ( c a s t )  
Nodular o r  duc t i l e  i rons  ( c a s t ) c  
S ta in l e s s  steels ( cas t   )d  
Tin bronzes (castle 
Aus ten i t i c  s t a in l e s s  steels' 
Phosphor bronzes' 
Silicon bronzes' 
Coppers' 
Nickel-base superalloys d 
Aluminum bronzes ( c a s t ) c  
Cobalt-base superalloysd 
Beryllium copper' 
Cupro-nickels and nickel silvers' 
d 
Coeff ic ient  of I'hermd Expansiona 
H i  & 
_lom6 in/in/OF . 
L O W  -
19.3 
16.3 
16.0 
14.6 
13.7 
13.0 
12.1 
11.8 
11.6 
10.9 
10.5 
10.5 
10.4 
10.4 
10.3 
10.2 
10.2 
10.0 
9.8 
9.8 
9.5 
9.4 
9.3 
9.3 
10.8 
14.4 
14.0 
10.9 
11.7 
" 
" 
10.3 
10.0 
" 
9.2 
6.4 
6.6 
6.4 
10.0 
9.0 
9.6 
9.8 
" 
7.7 
9.0 
6.8 
" 
9.0 
a Values represent high and low s ides  of a range of  typical  values .  Metals 
and alloys are l i s t e d  i n  o r d e r  o f  descending values in "high" column. 
Value at room temperature only. 
Value f o r  a temperature range between room temperature and 212-750'F. 
Value for a temperature range between room temperature and 1000-1800°F. 
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TABLE 2-2. THERMAL EXPANSION  COEFFICIENTS (22) 
( Continued ) 
Coeff ic ient  of  Thermal Expansiona 
lod6 in / in j0F 
rlat e r i a1 Low 
Nickel and i t s  a l loysd  9.2 6.8 
Cr-Ni-Co-Fe superalloys 9.1 8. 0 
LOW alloy steelsd 8.6 6.3 
Carbon f r ee -cu t t ing  s t ee l s  8.4 8.1 
  ow al loy s t e e l s  ( c a s t )  8.3 8.0 
Age hardenable   s ta inless  steels' 8.2 5.5 
Goldc 7.9 - 
High temperature steelsd 7.9 6.3 
Ultra h igh  s t rength  s tee ls  
Malleable irons' 7.5 5.9 
Wrought irons' 7.4 - 
Titanium and i t s  al loysd 7.1 4.9 
Cobaltd 6.8 - 
Martens i t ic   s ta in less steels' 6.5 5.5 
Ni t r id ing   s t ee l sd  6.5 - 
Palladium' 6.5 - 
Beryllium 
Thoriumb 6.2 - 
F e r r i t i c   s t a i n l e s s  steels' 6. o 5.8 
Gray i rons  ( c a s t )  6.0 - 
Low-expansion n icke l  dlloys' 5.5 1.5 
Rutheniumb 5.1 - 
PlatinumC 4.9 - 
Vanadium b 4.8 - 
- 
d 
d 
d 7.61 5.68 
b 6.4 
a 
Values represent high and low s ides  of  a range of typical  values .  Metals 
and alloys are l is ted in  order  of  descending values  in  "high" column. 
Value a t  room temperature only. 
Value f o r  a temperature range between room temperature and 212-750'F. 
Value f o r  a temperature range between room temperature and 1000-1800°F. 
C 
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TABU 2-2. THERMAL EXPANSION COEFFICIENTS' rr'  
(Continued) 
Material 
Rhodiumb 
Columbiumd 
Ir idium 
O s m i u m  and tantalum 
Zirconium and i t s  alloys 
Hafniumb 
%lybdenumb 
Tungsten' 
b 
b 
b 
Coefficient f Thermal  Expansion" 
High 
LO-' in/in/OF 
- L O W  
4.6 
3.82 
3.8 
3.6 
3.6 
3.4 
3.0 
2.2 
a Values represent high and low s ides  of a range of typical  values .  Metals 
and alloys are l i s t e d  i n  o r d e r  o f  descending values i n  ''high" column. 
Value at mom temperature only. 
Value for a temperature range between room temperature and 212-750°F. 
Value f o r  a temperature range between room temperature and 1000-1800°F. 
of carrying an e lec t r i c  cu r ren t ,  t he  more noble metal will corrode less 
rapidly,  whereas the less noble metal w i l l  corrode wre rapid ly  than 
normal as a result of the development of  an e l ec t r i c  cu r ren t .  11'24) mere-  
fore, depending upon service atmosphere and t h e  separa t ion  in  t h e  e lec t ro-  
motive s e r i e s  (Table 2-31, galvanic corrosion can be a problem i n  a 
dissimilar m e t a l  jo in t .  
The factors governing corrosion are conductivity of t h e  c i r c u i t ,  
po ten t ia l  d i f fe rence ,  po lar iza t ion ,  re la t ive  ca thode  and  anode areas, 
geometrical  relationship between dissimilar metal surfaces,  and contact 
between metals. The conductivity of the c i r c u i t  depends upon the service 
environment and t h e  p o t e n t i a l  depends upon the  r e l a t ive  pos i t i ons  of t h e  
dissimilar metals i n  t h e  galvanic series of t he  following table. 
Release Materials 
Final ly ,  release materials which are an important  pract ical  con- 
s ide ra t ion  in  jo in ing  similar as w e l l  as dissimilar mater ia ls  w i l l  be 
reviewed br ie f ly  here .  
It i s  necessary to use release or stopweld materials between the 
components being joined and a s soc ia t ed  bond ing  f ix tu re s .  b t a l l i c  o r  
ceramic materials a re  used. To function as a release materia, the 
following general requirements must be met: 
1. No bond should form between the components being joined and the  
bonding fixture. A possible  except ion to  t h i s  rule would be t h e  
case wherein a w e a k  bond is  used t o  perform t h e  release task. 
TABLE 2-3. RELATIVE- CORRODABILITY OF EBTAIS AND ALLOYS a( 22 1 
Magnesium 
Magnesium a l loys  
Aluminum (pure and Alclad) 
Zinc 
Cadmium 
Aluminum a l loys  
Chromium 
Carbon steel  
Copper bearing steel 
Cast iron uray 
END Chromium s tee1 (12-14% C r )  *b 
ANODIC Chromium s t e e l  (4-6% C r )  
Chromium steel  (16-18% C r ) *  
Chromium steel (23-30% C r )  * 
Nickel-chromium-copper cas t  i ron  
Nickel-chromium steel (7% N i ,  17% C r )  
Nickel-chromium steel (8% mi, 18% C r ) "  
Nickel-chromium steel (14% N i ,  23% Cr):  
Nickel-chromium steel (20% N i  , 25% C r )  
Nickel-chromium-molybdenum steel (12% Ni, 18% C r ,  3% Mo) 
Lead-tin solder 
Lead 
Tin nickel* 
Nickel-chromium-iron a l l o y  (62% N i  , 15% C r ,  23% Fe) * 
Nickel-chromium-iron a l loy  (79% N i  , 1 4 1  C r ,  7% Fe) * 
Nickel-chromium al loy (80% N i  , 20% C r ) *  
* 
0 
Brasses 
Copper 
CATHODIC Bronze s 
END Copper-nickel-zinc  alloys  ( ickel si lver) 
Nickel-copper alloy . 
Nickel** 
Nickel-chromium-iron alloy (62% N i  , 15% C r ,  23% Fe) ** 
a Rased on electromotive series. * 
** Indicates  act ive state. Passive state. 
(22) 
TABLE: 2-3. RELATIVE CORRODABILITY OF METALS AND ALLOYS" 
(Continued) 
CATHODIC 
END 
Nickel-chromium-iron alloy (79% N i ,  14% C r ,  7% Pe) ** 
Nickel-chromium alloy (80% N i  20% C r  )** 
Chromium steel  (12-14% C r  ) ** 
Chromium steel (1648% C r )  ** 
Nickel-chromium steel (7% N i ,  17% Cr):: 
Nickel-chromium steel (8% N i ,  18% C r )  
Nickel-chromium steel (14% N i ,  23% Cr)**  
Chromium s t e e l  (23-30% Cr)""  
Nickel-chromium s tee l  (20% N i ,  25% C r )  ** 
Nickel-chromium-molybdenum steel (12% Hi 18% C r ,  3% I@) ** 
S i l v e r  
Graphite 
Gold 
Platinum 
a 
Based on electromotive series.  
Ind ica tes  ac t ive  state. 
Passive s ta te .  
* 
** 
I 
2. The release material should not contaminate the par ts  being 
joined. 
3, The release material must be a v a i l a b l e  i n  a usable form, 
readily applied and removed after t h e  bonding operation. 
As would be expected, release materials generally have high melting points 
wi th   respec t   to   the   mel t ing   po in ts  of the metals t o  be joined. 
E. SUMMARY 
"he basic process parameters o f  pressure, temperature, time and 
atmosphere have been delineated and the i r  i n f luence  on the operation of 
t h e  process discussed. The diffusion bonding practice has been  reviewed 
and the general procedures have been described. These include bonding 
similar and dissimilar metals, with and without intermediate metals. 
The pract ical  considerat ions involved in  achieving int imate  contact  and 
modification of t he  i n t e r f a c e  by d i f fus ion  have been described f o r  
bonding of similar and dissimilar materials. To h ighl ight  the  process  
features ,  the fol lowing overal l  advantages and l imi t a t ions  o f  d i f fus ion  
bonding are presented. 
Advantages : 
I. Metal can be bonded t o  itself and t o  many o the r  metals wi th  
l i t t le  o r  no change i n  t h e  phys ica l   o r   me ta l lu rg ica l   p rope r t i e s .  
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2. Diffusion bonding i s  the p re fe r r ed  and possibly the only way 
that certain combinations of materials can be joined. Examples of 
t h i s  t y p e  are heterogeneous composites of different metals, metal- 
ceramic compounds and cermets. 
3. Diffusion bonding can be performed i n  a s o l i d  state e l imina t ing  
c a s t  s t r u c t u r e  i n  the bond area. 
4. With an intermediate material, the  bonding t e q e r a t u r e  may be 
low enough to  e l imina te  any micro s t r u c t u r a l  changes i n  the  base 
metal; namely, annealing, recrystall ization, and gra in  growth. 
5.  The d i f fus ion  bonded component behaves l i k e  a s o l i d  homogenous 
body 
6. The diffusion bonding cycle may be a port ion of  t h e  heat treat- 
ment of  a material. 
7. A di f fus ion  bond i s  continuous and gas-tight throughout t h e  
j o i n t  area. Therefore ,  there  are no protective coating requirements 
i n  t h e  j o i n t  area, unl ike  res i s tance  welded or  r i v e t e d  j o i n t s .  
8. Diffusion bonded j o i n t s  are less prone to  cor ros ion  a t tack  
than  brazed  joints.  The smooth jo in t  su r f aces  faci l i ta te  applica- 
t ion of  protect ive coat ings.  
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9. Mult ip l ic i ty  of Jo in t s  can be made simultaneously. 
10.  Close  dimensional  control  can be achieved in  d i f fus ion  bonded 
j o i n t s  wi th  l i t t l e  o r  no f in i sh ing  requi red  after bonding. 
11. Weight reductions are poss ib le  due to  e l imina t ion  of r i v e t s ,  
fillers and double coating. 
Limitations : 
1. Matching  and  smooth  bonding  surfaces  are  required. 
2. Normally abrasive or chemical cleaning i s  necessa ry  p r io r  t o  
d i f fus ion  bonding. The ex ten t  of t h i s  cleaning i s  dependent upon 
the  materials and deformation during t h e  bonding operation. 
3. The elevated temperatures normally require t h a t  t h e  bonding 
be done i n  a vacuum o r  i n e r t  atmosphere. 
4. The cos t   o f   t he  bonding  equipment varies  considerably.  It can 
be expensive and will depend upon t h e  temperatures, pressures, 
p u r i t y  of t he  atmosphere during bonding, and the size of t h e  
components t o  be joined. 
5. Although the use of an intermediate m e t a l  enhances the jo in ing  
operation, more extended diffusion annealing i s  necessary  to  
obta in  a joint  having base metal properties.  The accep tab i l i t y  
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of low melting constituents must be considered. The s e l e c t i o n  
of the  intermediate must consider formation of mechanically 
undesirable consti tuents,  such as b r i t t l e  phases and intermediate 
compounds. 
6. Normally there  i s  no f i l l e t  ad jacent  to  a d i f fus ion  bonded 
joint.  Therefore,  a stress concentration similar t o  a small radius 
crack can e x i s t .  This factor  and i t s  poss ib le  removal should be 
considered i n  t h e  j o i n t  design. 
CHAPTER 3. STATUS OF DIFFUSION BONDING 
A. INTRODUCTION 
This chapter w i l l  descr ibe  the  manner i n  which the "Diffusion 
Bonding F'undamentals" have been u t i l i z e d  f o r  a c t u a l  a p p l i c a t i o n s  i n  
pract ice .  The governing  parameters of the process are pressure,  t e m -  
perature ,  time and  atmosphere.  Different  diffusion  bonding  techniques 
based on the different combinations of these parameters have been 
developed and w i l l  be descr ibed in  this  chapter .  Al of these techniques 
can be adapted t o  t h e  u s e  o f  e i t h e r  o f  t h e  two basic types of  j o i n t  
systems described previously, viz. base-metal t o  base-metal and diffusion 
bonding using intermediate metals. The techniques also include means 
f o r  overcoming the  p rac t i ca l  l imi t a t ions  in  achievement of int imate  
contact and modification of interface through mass t ransport .  
"he chapter w i l l  present  first the different diffusion bonding 
techniques and a t abula ted  l i s t  of pr ior  appl icat ions of  these techniques.  
Next, the experimental work on joining various materials,  based on t h e  
current understanding of the fundamentals, w i l l  be presented. The 
chapter w i l l  then be concluded with a summary of  the s ta tus  o f   u t i l i -  
zat ion of  diffusion bonding in  pract ice  and in  the  labora tory .  
B. DIFF'USION BONDING TECHNIQUES 
Variations of the parameters pressure,  time, temperature and 
atmosphere, and the  na ture  of the interface during bonding, give rise 
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to  different  diffusion bonding techniques.  On t h i s  b a s i s ,  t i e  
currently used techniques can be divided into four  general  c lasses , (25)  
V i Z .  
1. Yield stress controlled  bonding 
2. Diffusion  controlled  bonding 
3. Creep controlled  bonding 
4. Transient melt diffusion  bonding 
Processes such as ultrasonic welding, explosive welding and 
fr ic t ion welding are r e l a t e d  s o l i d  state joining processes.  However, 
they w i l l  not be discussed here due t o  t h e  specialized forms of energy 
employed. 
Each of  the  c lasses  l i s ted  under diffusion bonding above w i l l  be 
considered  separately  for i t s  spec ia l  cha rac t e r i s t i c s .  The techniques 
u t i l i z i n g  t h e s e  c h a r a c t e r i s t i c s  w i l l  be described under the corres- 
ponding class. 
1. YIELD STRESS CONTROLLED BONDING 
Description 
This procedure utilizes bonding pressures well above the  y i e ld  
s t r e s s  a t  the  bonding  temperature, t o  produce intimate contact. Sub- 
sequent diffusion treatments may be  used t o  a s s u r e  a s t rong  bond.  The 
f i r s t  s tage  of  d i f fus ion  bonding  is  accomplished in a few seconds o r  
minutes by th i s  process .  The diffusion time i s  control led by t h e  
per fec t ion  o f  t he  jo in t  t ha t  i s  necessary to  meet the  serv ice  requi re -  
ment s. 
The major techniques which conform t o  t h e s e  c h a r a c t e r i s t i c s  are: 
(a )  pressure welding, and (b) r o l l  bonding. They w i l l  be b r i e f l y  
described here. 
( a )  Pressure  Welding 
The high bonding pressures are generally provided by hydraul ic  or  
other mechanical means.  The elevated temperature i s  provided through 
resistance heating, induction heating, radiant heating, oxyacetylene 
torch  hea t ing  or  any o the r  method that can be e a s i l y  used. The require- 
ments for the high bonding pressures and temperatures may be reduced 
somewhat through the use of suitable intermediate materials i n  t h e  j o i n t .  
This technique has been used for a va r i e ty  of appl icat ions with 
conventional materials. Some of   these   appl ica t ions   a re :   g i r th   jo in ts  
in  s tee l  p ipe ,  p roduct ion  of  aluminum-copper composites f o r  e l e c t r o n i c  
components, e tc .  Some of these appl icat ions may be conducted i n  a i r  
without any protective atmosphere and with available conventional 
equipment. The use  of th i s  technique  for  sophis t ica ted  appl ica t ions  
involving exotic and other uncommon materials has been limited. A 
t y p i c a l  example of the use of pressure welding i s  seen in Figure 3-1. 
The character is t ic  advantages and l imitat ions of  this  technique 
are the following: 
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Bonding Pressure 
60 
Advantages : 
1. The bonding may be conducted with inexpensive, conventional 
hydraulic presses.  
2. The bonding time can be very short ,  on the  o rde r  of seconds 
or minutes. This is  obviously desirable for large volume production. 
3. Compared to  diffusion control led bonding,  a rougher surface 
and a h igher  leve l  of surface contamination may be acceptable. 
4. This  technique is pa r t i cu la r ly  des i r ab le  fo r  j o in ing  dissimilar 
materials because of the large interfacial  deformation.  
Limitations : 
1. The large deformations required by t h i s  technique limit t h e  
poss ib le  jo in t  conf igura t ions  that can be fabricated.  The mater ia l  
ad j acen t  t o  the j o i n t  must be able to withstand the bonding pressure 
without unacceptable deformation. 
2. The c o s t  o f  f i n i s h  machining subsequent t o  bonding may add t o  
the  f ab r i ca t ion  costs. 
3. The bonding pressure is usual ly  exer ted  in  only  one d i r ec t ion ,  
thus  l imi t ing  the jo in t s  gene ra l ly  to  one plane,  viz. at  right 
angles t o  t h e  d i r e c t i o n  of bond pressure. 
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4. The bonding pressure and temperature requirements for joining 
high-temperature, high-strength materials by th i s   t echn ique  may be 
too  high for use with available equipment.  This,might necessitate 
modification of conventional equipment resulting in increased costs. 
(b) Roll  Bondinq 
This technique  u t i l i zes  convent iona l  ro l l ing  mills t o  produce large 
reduct ions in  thickness  of  the order  of  60% and  above.  Such  reduction 
of metals i n  c o n t a c t  with each other  produces excel lent  sol id  state bonds. 
The procedure usually consists of the following steps. The components 
t o  be bonded are stacked up in  the desired fashion with addi t ional  
t oo l ing  as required.  This  assembly i s  then placed in an appropriate air- 
t ight envelope, evacuated and sealed. The sealed envelope i s  then hot 
ro l l ed ,  i n  t he  same manner as a s ingle  netal p l a t e ,  t o  the desired 
reduct ion in  thickness .  Bonding of  t he  components is accomplished i n  
th i s  opera t ion .  The bonded  component may then be contoured, i f  required,  
by appropriate  hot  or  cold rol l ing or  other  forming processes .  Pinal ly ,  
the envelope i s  s t r ipped  o f f  and t h e  support  tooling is removed  by 
appropriate mechanical or chemical methods. 
This technique i s  used t o  j o i n  f la t  s t ruc tu res  and composites. 
Metallic cladding and lamination can be accomplished by th i s  technique .  
The procedure i s  used f o r  producing f l a t  p la te  nuc lear  reac tor  fue l  
elements and subassemblies which involve metal-ceramic joints. 
(27) 
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A h igh ly  in t e re s t ing  and important application concerns the 
special ly  developed rol l  bonding technique for  fabr icat ing corrugated 
core sandwich panels for high strength/weight ratio structures. 
This technique has been successfully applied t o  f a b r i c a t i o n  o f  l a r g e  
(3 '  x 6' ) t i t an ium a l loy  sandwich s t ruc tu res  and is reported (28) t o  be 
f eas ib l e  fo r  aluminum, s t a i n l e s s  steel, columbium and molybdenum. 
The core i n  these sandwich s t ruc tu res  is corrugated and may be of  the  
standard truss core type wi th  4 5 O  ribs, or  special  types such as X t r u s s ,  
v e r t i c a l  ribs, multi- layers,  etc.  The panels may inc lude  inser t s  such  
as s t i f f ene r s ,  suppor t s ,  edge members, joining attachments,  etc.  incor- 
pora ted  dur ing  ro l l  bonding. The corrugated  core  and  facing are 
supported by f i l l e r  bars or  spacers  of  s teel  or  copper  during the r o l l i n g  
operation  and  forming. These spacers are subsequently removed  by ac id  
leaching. Some examples of these  s t ruc tures  are seen in Figures 3-2 
(28)  
and 3-3. 
The character is t ic  advantages and l imi ta t ions  of  t h i s  technique are 
as follows : 
Advantages : 
1. Complex contoured  composite  structures  such as laminates  and 
c e l l u l a r  sandwich s t ruc tu res  can be fabr ica ted  by t h i s  technique. 
2.  The m a x i m u m  s ize  of  these  s t ruc tures  is  controlled only be t h e  
r o l l i n g  mill capacity. 
Figure 3-2. Exploded  view of roll-welded  pack  ready for hot 
rol l ing (envelope not  shown). ( Prom: "Roll-Yelded 
Sandwich Structures",  Douglas Aircraf t  Co., Tnc. 
Publication,  Reference 2 8 ) .  
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" 
( a )  T i t a n i u m  Alloy Ti-6A1-4V Sandwich with 
Edge Channel I n s e r t  
( b )  T i t a n i u m  Foil Sandwich with 2 m i l  
Vertical-Rib Core 
~~ 
( c )  Titanium Alloy A-55 Sandwich with 6 mil 
Multi-layer Rib  Core 
Figure 3-3. Some examples o f  Roll-I-lelded Titanium 
Alloy Sandwich Structures .  (From: 
'Roll-Welded Sandwich Structures" ,  
Douglas Ai rc ra f t  Co., Inc. ,  Publ icat ion,  
Reference 28). 
3. Convent iona l  ho t  ro l l ing  fac i l i t i es  may be used. 
4. Reduction in  thickness-inherent  in  the  process-is accompanied 
by a proportional increase i n  length.  This allows start ing with 
th icker  shee t  materials and handl ing of  smaller  or iginal  sizes of 
components t o  end up with longer finished products and l i g h t e r  
gauge sheet materials.  The result i s  a reduct ion  in  fabr ica t ion  
cos t s  pe r  un i t  area of  the f inished product .  
5. The technique  has  been  demonstrated t o  be app l i cab le  to  fabri- 
cation of aerospace structures and i t s  ove ra l l  cos t  may be less 
than other  fabr icat ion methods for producing similar s t ruc tures .  
6. The technique is  useful for production of continuous bonds 
over large areas w i t h  l i t t l e  o r  no need for subsequent diffusion 
treatments. 
L i m i t  at ions : 
1. Support tooling such as removable spacers and f i l l e r  bars is 
needed for configurations other than laminates.  
2. The use  of r o l l  bonding for the elevated-temperature, high- 
s t rength  materials may require modification of conventional roll ing 
f a c i l i t i e s ,  
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2. DIFFUSION CONTROLLED BONDING 
Description 
The pressure  in  d i f fus ion  cont ro l led  bonding  i s  below the  y i e ld  
stresses of the components,  but i s  s t i l l  high enough so t h a t  l a r g e  areas ' 
of intimate contact are es tab l i shed  when the pressure i s  applied. The 
bonding pressure causes plastic deformation at the  loca l  po in t s  of contact 
between the mating surfaces.  Diffusion proceeds across the interface a t  
the  loca l ized  areas of contact to produce a s o l i d  state union. The per- 
f ec t ion  o f  t he  bond depends upon modification of the interface through 
subsequent diffusion treatments. Depending  on the amount of  d i f fus ion  
required,  these treatments may range from a few minutes t o  many hours. 
The amount of  diffusion required would depend on the  i n i t i a l  area of 
local ized contact  and the service requirements.  Intermediate materials 
may be used in the joint  with the usual advantages discussed previously.  
The most commonly used processes which can be grouped under t h i s  
technique are die pressure bonding and isostatic gas pressure bonding. 
It has t o  be recogpized, however, that  these processes can be changed 
to  y i e ld - s t r e s s  con t ro l l ed  bonding by inc reas ing  the  app l i ed  s t r e s s  o r  
creep-controlled bonding by lowering the appl ied s t ress .  The most 
common examples of the use of these techniques, however, follow the 
diffusion control led bonding character is t ics .  
t 20) 
(a) I s o s t a t i c  .'Gas Pressure Bondinp; 
This is  the mst advanced and most commonly employed diff.usion 
bonding  technique. TZle procedure is as follows: 
The components t o  be joined are fab r i ca t ed  or machined t o   f i n a l   s i z e ,  
cleaned and assembled i n t o  an expendable container that i s  sealed by 
welding t o  produce a pressure-tight evacuated envelope. The assembled 
components are heated t o  an ,e levated temperature  in  an autoclave con- 
t a in ing  an iner t  gas  a t  high pressure. The pressure i s  uniformly trans- 
mitted and forces a l l  of the mating surfaces  into local ized int imate  
contact at the i r  i n t e r f aces .  The mating surfaces are held under pressure 
a t  temperature for a su f f i c i en t  l eng th  of time to  a l low d i f fus ion  across 
the  in te r face  and the formation of a s o l i d  state bond. The gas pressures 
used are generally between 3,000 psi  and 15,000 psi with bonding tem- 
peratures  up t o  3000' F and bonding times o f  t he  o rde r  o f  2 t o  6 hours. 
The gas pressure bonding equipment i s  e s s e n t i a l l y  an autoclave. 
Early gas pressure bonding w a s  conducted in  hot-val l  autoclaves similar 
to standard corrcsion test  autoclaves.  This equipment is usua l ly  limited 
t o  1500' F and 5,000 p s i ,  while it may withstand up to  30,000 p s i  a t  
1000' F. Recently,  cold-wall  autoclaves  have  been  developed which allow 
very high specimen temperatures, while maintaining t h e  autoclave wall 
a t  no  more than 300' F. Such autoclaves general ly  consis t  of  a 
resistance heated furnace which i s  Flaced inside a larger  autoclave 
which i s  w e l l  insu la ted  from the furnace.  A sec t iona l  view  of  such 
equipment i s  shown in  Figure 3-4. Using t h i s  approach,  Sat te l le  %norial  
/ 
RUPTURE DISK ASSEMBLY 
COOLANT LINE 
- THERMOCOUPLE 
BUNDLE 
Figure 3-4. Sect ional  V i e w  of Cold"vJal1  Bigh-Pressure  Autoclave. 
(From: "Gas-Pressure Bonding," DMIC Report 159, 
September 25, 1961, p. 7, Reference 20) 
I n s t i t u t e  h a s  developed a cold-wall autoclave i n  which gas pressures up 
t o  50,000 p s i  can be used at teKperatures up t o  3000° F. 
Gas pressure bonding has  been rout inely used for  fabr icat ing nuclear  
reactor  fuel  e lements  and  subassemblies. Its capabi l i ty  for  producing 
other  types of  complex s t r u c t u r e s  and components has also been reported,  
as seen i n  Figures 3-5 and 3-6. 
The character is t ic  advantages and l imitat ions of  this  technique are 
as follows : 
Advantages : 
1. Complex shapes involving joint  areas in  d i f f e ren t  p l anes  may 
be fabr ica ted  by t h i s  technique since the bonding pressure is i s o s t a t i c .  
2. Due t o  t h e  uniform pressure application, bri t t le materials may 
be bonded o r  clad. 
3. Close dimensional control i s  poss ib le  by l i m i t i n g  t h e  amount of  
deformation. 
4. A m u l t i p l i c i t y  o f  j o i n t s  can be made i n  one operation and 
complex multi-component s t r u c t u r e s  f a b r i c a t e d  i n  one bonding cycle. 
For such components t he  f ab r i ca t ing  cos t s  may be lower than for 
a l t e r n a t i v e  methods of croduction. 
5. The p rocess  u t i l i ze s  an i n e r t  gas  atmosphere  which  minimizes 
surface  contamination. This f a c t o r  is important when no g ro tec t ive  
envelope is  used. 
Figure 3-5. Gas-Pressure-Bonded Flat-Plate Assembly 
with  Coolant  Channels. (From: "Gas- 
Pressure Bonding", D N I C  Report 159, 
September, 1961, p. 34, Reference 20) 
(a) I-Beam Structural  rkilember Produced from Beryllium Sheet. 
(b) Truss-Supported Airframe Structure made from Columbium Sheet. 
Figure 3-6. Gas-Pressure Bonded Sheet   Structures  
( F r o m :  "Gas-Pressure Bonding," DMIC 
Report 159, September, 1961 p. 3 6 ,  
Reference 20). 
6. Ceramic, metallic, cermet and dispersion powders can be com- 
pacted to very high dens i t i e s  by this technique. 
L i m i t  a t   ions  : 
1. Costly equipment i s  needed f o r  t h i s  method of bonding and, fo r  
th i s  reason ,  s t ra ight  forward  jo in ts  may be more expensive by t h i s  
process  than al ternat ive methods. 
2. The equipment  enforces a s i z e  l i m i t a t i o n  on the components tha t  
can be bonded. As an example, one of the autoclaves at Battelle 
Memorial I n s t i t u t e  can handle 60" long, 9" diameter work pieces. 
3. Bonding cycle time of the order  of  3 hours o r  more i s  required 
due t o  the r e l a t i v e l y  slow heat up cha rac t e r i s t i c s  of an  autoclave. 
( b )  Press Bonding o r  Die Pressure Bondinq 
This technique differs from i s o s t a t i c  gas pressure bonding i n  t h a t  
it uses some form of die pressure which is exe r t ed  in  on ly  one direction. 
Horgever, for  appl icat ions wherein the j o i n t s  l i e  i n  one direction, die 
pressure bonding demonstrates several advantages of i t s  om over  gas 
pressure bonding. These advantages will be d iscussed  la te r .  
In  employing t h i s  method, various types of equipment can be used. 
The most common form of providing the bond pressure i s  a hydraulic 9ress 
v i t h  suitable fixtures. Hydraulic presses with p la tens  up t o  6 feet i n  
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length and 6 inches in width have been used for diffusion bonding 
honeycomb core (Figure 3-7) . 
Russian l i t e r a t u r e  ( 2 9 )  describes some specially designed die 
pressure bonding equipment for joining small steel ,  Kovar (low thermal 
expansion alloy) and other parts on a regular production basis. A f ix-  
t u r e  and a bonding chamber f o r  making 8 cathode units i n  one bonding 
cycle is described. The bonds  produced are between the cathode base 
(NVK alloy") and t h e  sleeve (Kovar a l loy )  , and also between t h e  base 
and t h e  disc ( L N M  alloy") . The pressure i s  provided by a hydraulic 
system and bonding is  conducted i n  a vacuum or hydrogen atmosphere. 
"he bonding conditions are 900° C, 0.75 kg/mm2 and 10 minutes The Pa r t s  
have been found t o  be h ighly  re l iab le  i n  service.  The equipment  has also 
been used t o  develop bonding conditions for various other materials. 
Another Russian example (30) cons is t s  of an apparatus for producing 
components made of 2Khl3*, 301ChGSA" and Grade 20" s t ee l s .  The equipment 
i s  used for bonding rotatable elbow bend junct ions,  end caps and 
sp l ines  in  these  materials. "he equipment consis ts  of  a vacuum chamber 
made o f  s t a in l e s s  s teel  measuring 300 x 400 x 400 m. Pressure i s  
t ransmit ted by a hydraulic system. A special stopweld GK2h-94" hydro- 
chobic  s i l i co  organic  l iqu id  i s  used t o  prevent welding of fixtures to 
the  components t o  be  bonded. This  stopweld decomposes t o  a high-loelting 
film at 300' C which remains stable even a t  over 1000° C and hinders 
* Information on the  meaning of these Russian material designations was 
not available. 
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diffusion.  Some of t he  f ix tu re s  fo r  ho ld ing  the  components were made of 
cadmium copper. The bonding conditions for the var ious  jo in ts  are 
presented  in  the tabula ted  data a t  the  end  of  th i s  sec t ion .  It is  
s ign i f i can t  t h a t  t h e  elbow bends (Figure 3-8) f ab r i ca t ed  in  t h i s  manner 
w e r e  extensively tested by pressure cycl ing and v i b r a t i o n   t e s t i n g  and 
revealed no leaks o r  defec ts  in  the  jo in t  micros t ruc ture .  Another 
Russian example (31) describes a die pressure welding setup used for the 
bonding of hard-metal t i p s  t o  c u t t i n g  t o o l s .  The d i f fus ion  bonded t i p s  
were compared wi th   t i p s   j o ined  by o the r  methods and were found t o  be 
highly superior.  
Another means of  providing pressure for  die pressure bonding is  
through thermal expansion. The materials t o  be joined may be placed 
i n  a d ie  made from s u i t a b l e  heat r e s i s t a n t  material with a lower thermal 
eqans ion  coe f f i c i en t .  On heat ing this  assemblage,  the d i f f e r e n t i a l  
expansion between the die and t h e  materials t o  be joined provides  the 
pressure to cause bonding (Figure 3-9). 
The h e a t  i n  these cases may be supplied through resistance 
hea t ing  or  induct ion  hea t ing  de_aending on the  jo in t  conf igu ra t ion .  The 
Russians seem €0 favor  induct ion heat ing i n  most of t h e i r  work. Both of 
the Russian examples mentioned above u t i l i ze  induct ion  hea t ing .  
The heat-up times can range from a minute t o  a half hour 
depending primarily on the mass and them& prope r t i e s  o f  f i x tu re s  and 
materials t o  be joined. The bonding cycle time can be reduced as much 
as two hours o r  more below t h a t  of gas pressure bonding. 
(a)  Rotatable Elbow Bend Junction 
(b) End Cap 
Figure 3-8. Diffusion Bonded Elbow Bend Junctions and End Caps. 
(From: "Diffusion Velding Used i n  Production of 
Certain Types of  Component ," by S. Ushakova, Welding 
Production, ~ a y  , 1963, 9. 35)  
Tungsten 
Vise 
Joining 
Posi t ion 
figure 3-9. Schematic of High-Temperature Vise for  Exerting Bonding Pressure 
through Thermal Expansion. (Prom: "The Activated  Joining of 
Tungsten", by J. H . Brophy , e t  al. Welding Journal (September, 
19631, D. 406-S, Reference 32). 
Notable applications of die pressure bonding in the United States 
are production of honeycomb core from various materials and fabrication 
of multi-layer composites. 
The character is t ic  advantages and l imitat ions of th i s  p rocess  are 
as follows : 
Advantages : 
1. Comparatively  inexpensive  quipment i s  used. The  maximum s i z e  
of  the  component i s  cont ro l led  by t h e  platen size. Hydraulic 
presses  with platen s izes  of  6' x 6" have been used for press 
bonding applications. 
2. The use of resistance or induction heating makes the bonding 
cycles  shorter  when compared with gas pressure bonding. 
3. This  technique i s  par t icu lar ly  su i tab le  for  jo in ing  expandable  
s t ruc tures  wi th  all t h e  j o i n t s  i n  one direction. Production of 
honeycomb core i s  t h e  major example of such structures. 
Limitations : 
1. The method i s  not as f l e x i b l e  as gas pressure bonding since 
it i s  gene ra l ly  l imi t ed  to  f ab r i ca t ing  components with a l l  t h e  
j o i n t s  i n  one plane. 
2. Care i s  needed to  insure the aDplicat ion of  uniform and even 
bond pressure a t  the  jo in t  i n t e r f ace .  
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3. CREEP  CONTROLLED BONDING 
Description 
This technique markedly differs from the  o the r s  i n  tha t  cons ide rab ly  
lower bonding pressures are used. The low pressures  are combined with 
high bonding temperatures and long times ( u p  t o  24 hours and more) so  
tha t  c r eep  at the  in t e r f ace  allows t h e  s u r f a c e s  t o  move together  
es tab l i sh ing  a bond. 
It should be recognized that the boundaries between creep con- 
t r o l l e d  bonding and d i f fus ion  con t ro l l ed  o r  y i e ld  stress cont ro l led  
bonding are not precise.  The temperature may be increased so t h a t  t h e  
orocess i s  s a i d  t o  be diffusion control led.  On the  o the r  hand, t h e  
temperature may be so high that the base metal y i e ld  s t r eng th  will be 
less than the bonding pressure. The process i s  then  y i e ld  s t r eng th  
controlled.  
The most commonly used process based on the  pr inc ip les  of  c reep  
controlled bonding i s  low pressure bonding or  vacuum di f fus ion  bonding. 
L o w  Pressure Bonding o r  Vacuum Diffusion Bonding 
The equipment  needed fo r  t h i s  p rocess  i s  comparatively simple and 
inexpensive. The bonding pressure can be applied by a dead weight o r  
through a d i f f e r e n t i a l  vacuum pressure. The heat can be provided by 
resis tance heat ing,  induct ion heat ing,  radiant  gas heat ing ( i f  an inert  
gas atmosphere i s  u s e d ) ,  o r  any o the r  means t h a t  is convenient. An 
inert gas atmosphere or vacudu is normally used. 
In p r a c t i c e ,  t h e  p a r t s  t o  be bonded are placed i n  a chamber and t h e  
proper atmosphere i s  provided. The bonding temperature and pressure are 
he ld  fo r  a su f f i c i en t  l eng th  o f  time t o  achieve intimate contact and 
desired diffusion and grain growth across  the interface.  
The process i s  p a r t i c u l a r l y  a t t r a c t i v e  f o r  j o i n i n g  s t r u c t u r e s  con- 
t a i n i n g  f o i l  and sheet material i n  hollow configurations which cannot 
withstand high bonding pressures. I t  has been used fo r  p roduc ing  f l a t  
and curved prototype honeycomb sandwich panels from refractory metal 
alloys and superalloys (Figures 3-10 and 3-11). 
The characterist ic advantages and l imi ta t ions  of  th i s  process  a re  
described next. 
Advantages : 
1. Available brazing equipment can  be  used  and/or o t h e r  e x i s t i n g  
equipment  modified t o  s u i t  t h e  purGose. The major saving in cost  
i s  due t o   t h e  low required bonding pressures. 
2. This i s  a poss ib le  technique  for  bonding  fac ings  to  ce l lu la r  
cores  and fabricat ing other  similar s t ruc tu res  which cannot with- 
stand high bonding pressures. 
3. Because of  the  low bonding Dressures involved, th i s  process  has  
the potential  of being used on l a rge  bond area  s t ruc tures .  With 
Figure 3-10. Cross-Section of Diffusion Bonding Retort 
(From: "Diffusion Bonded Honeycomb Sandwich 
Panels", NAA Report IR-7-980-(11) , p. 57, 
Reference 33) 
Glassrock 
Porous Brick 
PART 
Glassrock 
C a s t  able Cement 
Heater Str ip  ( Inconel) 
Refrasil ( 2  Layers) 
C/A Thermocouples 
Inconel Foil Shie ld  
-Inconel Retort 
Figure 3-11. Cross-section of Electric Blanket Assembly f o r  Diff'usion Bonding 
of Sandwich Panels. (From: "Diffusion aonded Honeycomb Sandwich 
Panels", N M  Report IR-7-380-(11) P- 58, geference 33) 
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suitable tooling, the process can be u t i l i z e d  both fo r  flat and 
curved structures.  
L i m i t a t  ions  : 
1. The bonding cycles may be as long as 24 hours o r  more. 
2. The cost  of maintaining high temperatures for extended times 
should be considered. 
3. Very good surface preparat ion and jo in t  f i t -up  are e s s e n t i a l  
for  ob ta in ing  good bonds. 
4. TRANSIENT MELT D I F F U S I O N  SONDING 
Description 
This  c lass  of  d i f fbs ion  bonding  u t i l i zes  a th in  l iqu id  phase  a t  t he  
i n t e r f a c e  t o  e f f e c t  a bond a t  contact pressures.  The t r a n s i e n t  l i q u i d  
phase i s  provided by using a low melting point a l loy  o r  a metal t h a t  
forms a low mel t ing  eu tec t ic  wi th  the base metal, The word " t ransient"  
i s  used t o  i n d i c a t e  t h a t  t he  l iquid phase can be eliminated by sub- 
sequent diffusion treatments.  
The l iquid phase wets the base metals and a diffusion br idge i s  
established across the in t e r f ace  and atoms w i t h  high mobility result 
i n  r a p i d  mass t ranspor t .  The th ickness  of  the  l iqu id  layer  has  t o  be 
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s u f f i c i e n t  t o  fill all t h e  a s p e r i t i e s  on the  mating surfaces and so t h e  
minimum des i red  th ickness  of  the  layer  w i l l  depend on surface roughness. 
When desired, the  l iquid phase i s  d i f fused  in to  the  base metal(s) 
t o  obtain a higher joint  remelt  temperature.  The d i f fus ion  time w i l l  
depend on the need t o  remove the t r a n s i e n t  melt phase from the  jo in t .  
This technique can produce strong bonds continuous over large areas a t  
low bonding pressures. The joining temperatures depend upon t h e  
e u t e c t i c  o r  melting temperature of the intermediate alloy. In practice,  
t h i s  process i s  general ly  cal led diffusion brazing and eutect ic  bonding. 
Diffusion Brazing or Braze Bonding and Eutect ic  Bonding 
There are two d i f f e ren t  methods by which the  desired transient  mel t  
phase i s  produced at the  jo in t .  One is the use of conventional braze 
f i l l e r  al loys with the  bonding temperature dependent on the melting 
point of the  braze alloy. This method i s  t h e  so-called diffusion 
brazing or braze bonding. The o ther  method ca l l ed  eu tec t i c  bonding 
involves t h e  use of an in te rmedia te  meta l  in  the  jo in t  which e i t h e r  
forms a low melt ing eutect ic  or  has a depressed solidus when combined 
wi th  the  base metal(s). The bonding temperature i s  raised above t h e  
eutectic temperature or the depressed solidus temperature,  and t h i s  
produces a t r ans i en t  l i q u i d  phase at the  in te r face  between the base 
metal(s) and the intermediate m e t a l .  Subsequently, the liquid phases 
i n  both of these processes are diffused away from the  jo in t .  The 
i n i t i a l   l o c a t i o n   o f  t h e  l iquid phase in  each of these  methods i s  
i l l u s t r a t e d  i n  F i g u r e  3-12. 
Liquid 
(a) Diffusion Brazing (b) Eutect ic  Bonding 
Firmre 3-12. Formation of Transient Liquid 
Phase in Diffusion Brazing and 
Eutect ic  Bonding. 
With the except ion of  the difference in  producing the l iquid phase,  
both the processes  operate  ident ical ly .  
Usually the joining can be performed with available brazing 
equipment. The growing appl icat ions of high temperature brazing have 
led t o   s i g n i f i c a n t  developments i n  equipment and tooling for sophisticated 
brazing appl icat ions.  Brazing in  vacuum o r  i n  i n e r t  atmospheres i s  
routinely done, and this  experience is a p p l i c a b l e  t o  braze bonding and 
e u t e c t i c  bonding. The methods of  hea t ing  t h a t  are used include radiant,  
induction, resistance and others. The pressures used for braze and 
e u t e c t i c  bonding are usually very low (of the order of 1 - 15  ps i ) .  
They may be provided by dead weight,  mechanically or through differential  
vacuum. There are cer ta in  appl ica t ions  where s ign i f i can t ly  higher 
bonding pressures may be u t i l i z e d  so as t o  squeeze the t ransient  melt 
phase out of the joint ,  thereby minimizing the amount i n  t h e  bond. 
These processes have been used t o  f a b r i c a t e  components such as  
tungsten rocket nozzles w i t h  a high remelt temperature, clad composites 
for  special ized appl icat ions and sandwich s t ruc tu res ,  e t c .  The e u t e c t i c  
bonding technique in  pa r t i cu la r  has  been u t i l i zed  wide ly  for  
f ab r i ca t ing  pa r t s  from zirccilloy and aluminum for  nuc lear  reac tor  
applications.  ( 34-36 I 
The character is t ic  advantages and l imi t a t ions  are described 
below. 
Advant ages : 
1. Bonding pressure is approximately 1 - 15  ps i .  
2. Frequently the bonding operation can be conducted at tem- 
p e r a t u r e s  t h a t  are low with  respec t  to  the  mel t ing  poin t  of  the  
base metal. This  advantage i s  s ign i f i can t  fo r  t ungs t en  and molyb- 
denum where the processes permit operation below t h e  r e c r y s t a l l i -  
zation temperature of the base metals by using f i l lers such as 
50Cr:50Ni a l loy ,  e t c .  The r e s u l t i n g  j o i n t ,  however,  can  possess 
high remelt  properties by em2loying subsequent diffusion of the 
( 3 7 )  
l i q u i d  phase. 
3. Conventional  brazing  equipment i s  usua l ly  sa t i s fac tory .  
4. Cost of fabr icat ion should be similar t o  conventional brazing. 
5. Because of the low  bonding pressures ,  it may be g o s s i b l e  t o  
f ab r i ca t e  l a rge  f la t  or  curved panel  s t ructures  using an "evacuated 
bag" method to provide the protective atmosphere and bonding 
pressure. 
6. The metal lurgical  and mechanical properties of the joint  can 
approach the base metal propert ies .  
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Limitations : 
1. Elimination of low j o i n t  remelt temperature  requires  prolonged 
diffusion treatments.  
2. The high  d i f fus iv i ty  of  the  l iqu id  phase  acce lera tes  any 
tendencies  for  void formation that  can result from the  in t e r -  
d i f fus ion  of d iss imi la r  metals i n   t h e  bond area. 
C. DATA ON PRACTICAL  APPLICATIONS  OF  DIFFUSION YQIJDIIJG 
Following the description of the major diffusion bonding techniques 
used in  prac t ice ,  a presentat ion i s  made of  the product ion appl icat ions 
f o r  which these techniques have  been  employed. Table 3-1 l is ts  these 
appl icat ions by the  t echn iques  u t i l i zed  and br ie f ly  descr ibes  the  
nature of the applications.  The sources  of  in format ion  for  th i s  tab le  
are l i s t e d  at the end of  t h i s  r e p o r t  and should be referred t o   f o r  
f u r t h e r  d e t a i l s .  
Te c h i  que 
1. Y I E L D  STPZSS CON- 
TROLLED  BONDING 
T B L E  3-1.. SUMMAFiY OF PRACTICAL APPLICATIONS 
OF DIFFUSION  BONDING  TECHNIQUES 
Inter-  R e f  er- 
Base mediate  ence 
Application k t a l (  s )  Metal(s) No . 
a. Pressure Welding 1. Fabrication  of aluminum-copper Cu t o  A 1  
composites and j o i n t s  from f o i l  
and wire for  e lec t ronic  indus t ry  
applications.  
b. R o l l  Bonding 
2. Pressure welding of sintered 
molybdenum s h e e t  t o  i t s e l f .  
3. Product ion  of  g i r th  Jo in ts  in  
steel pipe. 
1. Production of corrugated core 
sandwich s t ruc tures  from 
titanium, aluminum,  columbium, 
molybdenum, s t a in l e s s  steel, 
e tc .  
2. Production of dissimilar metal 
laminates by rol l  c ladding.  
3. Production of 1/32" thick fuel 
plates  with compacted powdered 
cermet core and s t a in l e s s  
steel  cladding. 
l v b  t o  Mo 
Mo t o  Mo 
S t e e l  t o  steel 
T i  t o  T i  
Al t o  Al 
Cb t o  Cb 
Mo t o  Mo 
Sta in l e s s  t o  
s t a in l e s s  
T i  t o   s t e e l  
Ta t o  steel 
406 s t a in l e s s  
cladding 
-U02 core 
None 
None 39 
Cb, Ta, Cr 39 
None 26 
Bone 
11 
11 
11 
11 
None 
11 
None 
27 
11 
40 
a. Gas Pressure 
Bonding 
2. DIFFUSION CONTROLLED 
BONDING 
TABLE 3-1. SUMMARY OF  PRACTICAL  APPLICATIONS 
OF  DIFFUSION BONDING TECHNIQUES 
(Continued) 
Base 
Appl i cation Metal(s) 
1. bblybdenum cladding  of fuel h b  t o  Eb 
elements for nuclear reactors. 
2. Fabrication  of columbium clad Cb t o  Cb 
f la t -plate  and rod-type fue l  cb t o  UO2 
elements and f la t -plate  sub- cb t o  uc 
assemblies for nuclear reactors.  
3. Fabrication  of  zircaloy  clad  Zircdoy 2,  3 ,  4 
fuel elements for nuclear t o  Zircaloy 2, 
reactors such as the PWR Core 2 3 ,  4 
React or Zircaloy 2 t o  
Zircaloy 2 
Zircaloy to U02 
Zircaloy t o  U02 
Zircaloy to U-Zr 
core 
4. Cladding uranim bearing alloys Zr t o  U 
w i t h  zirconium for  nuclear  fuel  Zr to U-1OMo 
elements . 
Inter-  
mediate 
bktal( s 1 
None 
None 
I t  
II 
None 
Cu, N i ,  Fe 
None 
Carbon 
None 
(eu tec t ic )  
(ba r r i e r )  
None 
11 
Refer- 
ence 
NO. - 
20 , 
21 
20, 21 
It 
0 
20, 4 1  
35, 36 
20 
20 
20 
20 
11 
Te c h i  que 
TABLE 3-1. SUEilMARY OF PRACTICAL  APPLICATIONS 
OF DIFFUSIODJ BONDING TECHTJIQUES 
(Continued) 
Base 
Application  Metal( s )  
2. a. Gas Pressure 5. Fabrication of s t a i n l e s s   s t e e l   S t a i n l e s s   t o  
S t a i n l e s s  t o  
Z r  hydride 
S t a i n l e s s  t o  U02 
6. Cladding of stainless 310 sheet S ta in less  310 to 
on  molybdenum and columbium Mo 
sheets . Sta in less  310 t o  
Cb 
Bonding ( Continued)  clad  fuel  elements.  stainless 
7. Cladding of tantalum  with Alumina t o  Ta 
alumina for oxidation protection. 
8. Densification of ceramic u32 t o  UO2 
mater ia l s  for  fabr ica t ion  of  Al , Be , Mg oxides 
nuclear reactor fuel cores.  UN t o  UN 
uc t o  uc 
9. Densification o f  cermets. U02, UN, UC, e tc .  
i n  Cb, Cr, Mo, W ,  
Re, e tc .  
Inter-  Re fer- 
mediate ence 
*tal(s) NO 
None 
None 
None 
N i  ( barrier) 
Fe (ba r r i e r  ) 
None 
None 
None 
None 
None 
None 
10. Densification of powder B e ,  C r ,  Cb, \I, None 
metallurgy  products. Ta, Mo, Re, etc .  
11. Fabrication  f  prototype Be  t o  Be 
beryll ium sheet structures wi th  
typical  aerospace  configurations . 
None 
20 
20 
20 
13 
13 
20 
20 
20 
20 
20 
20 
20 
20 
Technique 
TABLE 3-1. SUMMARY OF PRACTICAL  APPLICATIONS 
OF DIFFUSION BONDING TECHNIQUES 
( Continued) 
Inter-  Refer- 
Base mediate  ence 
Application Metal( s 1 Metal( s 1 No . 
2. a. Gas Pressure 12. Fabrication  of a hypersonic Be copper t o  AU - Cu 42 
Bonding ( Cont d) wind-tunnel throat block with monel 
a beryllium-copper  cover  sheet Be copper t o  AU '- Ag 42 
and a monel block. monel 
13. Fabrication of finned aluminum Al to U-3.5b-.lAl Nickel 40 
clad uranium alloy  core  elements  (barri r)  
fo r   t he  Picqua Nuclear Power 
Reactor and Organic Moderated 
Reactor Experiment - 3 fuel reactor  
core loadings including more than 
3,000 sq. f't. of metallurgically ' .  
bonded area were produced. 
b. Die Pressure 1. Fabrication  of  s lid state Mo Base - TZM T i  
from refractory materials. Cb Base - D-36 T i  Bonding diffusion bonded honeycomb core (Elo-.5Ti-.08Zr) 
11 I t  
II 11 
I f  (1 
11 It 
Cb-752 
B-66 
E-85 
D-4 3 
II 
I1 
t l  
0 
Ta Base - Ta T i  -Ta-1OW 'I 
2. Fabrication  ofsolid state N i  Base 
diffusion bonded honeycomb core TD nickel None 
from nickel base, cobalt base -Rend 4 1  cu 
and iron base high temperature Inconel None 
al loys . Delt a -kx  I t  
43 
43 
11 
t I  
t I  
I t  
43 
II 
43 
11 
It  
n 
Technique 
2. b. Die Pressure 
Bonding ( Cant' d) 
TABU 3-1. SUMMARY OF PRACTICAL APPLICATIONS 
OF DIFFUSION BONDING TECHNIQUES 
(Continued) 
Base 
Application Y e t a l (  s) 
2 . Cont inue d Co Base 
Haynes 25 
Iron Base 
PH 15-7 MO 
Stainless 300 
AM 350 & 355 
A 286 
Mild steel 
series 
3. Fabrication  ofsolid state T i  Base 
diffusion bonded honeycomb  Ti-75A 
core  from titanium base and Ti-75A 
other   a l loys . Rs-140 
4. Joining  Zircaloy-2  tubing t o  Zircaloy-2 t o  
304 Sta in less   tub ing   for 304 stainless 
irradiation experiments. 
5. Joining  tungsten  r ip  Tungsten t o  
composites. tungs ten  
6. Joining beryllium s t r i p  Beryllium t o  
components . beryllium 
Inter-  
mediate 
Metal( s) 
None 
None 
I1 
II 
II 
11 
None 
Al 
Al 
None 
11 
None 
N i ,  Pd 
None 
Refer- 
ence 
NO 
43 
43 
II 
43 
11 
II 
It  
11 
44 
32 
45 
TABU 3-1. SuI\IMARY OF PRACTICAL  APPLICATIONS 
OF  DIFFUSION BONDING lTCHNIQUES 
(Continued) 
Technique Application 
2. b. Die Pressure 7. Joining Nimonic 90 (Ni-Cr-  
Bonding ( Cont ’ d) co a u o y )   a l l o y  comgonents f o r  
fabr icat ion of  turbines  and 
turbine blades - bu t t  j o in t s  
and tapered joints.  
8. Fabrication of small cathode 
assemblies - overlap joints.  
9. Production  of  rotatable elbow 
bend junctions,  end caps and 
splines from steels. 
10. Joining of hard-metal t i p s  t o  
cut t ing tools .  
3. CREEP CONTROLLED 
BONDING 
Low Pressure 
aonding 
Base 
Metal(s) 
Nimonic 90 
Cr-Co) t o  
Nimonic 9 
Nimonic 90 
Cr-Co ) t o  
( N i -  
0 
( N i -  
Nimonic 90 
Inter-  Refer- 
mediate ence 
Y e t a l (  s 1 No. 
N i  46 
cu 46 
NVK al loy t o  kovar None 
NVK a l l o y   t o  L N M  ” 
al loy 
2Kh13 Steel t o  None 
2Khl3 steel  
30KhGSA S t e e l   t o  
30iChGSA s tee1 
Hard metals t o  None 
.steels 
1. Fabrication  f  solid state Cb-752 core t o  T i  
diffusion bonded honeycomb  Cb-752 face 
sandwich panels - joining of sheets 
facings t o  honeycomb core in  
f la t  and curved panels 
29 
I? 
30 
II 
31 
33 
Technique 
TABU 3-1. SUMMARY OF  PRACTICAL  APPLICATIOWS 
OF  DIFFUSION BONDIBG TECHNIQUES 
( Continued) 
Application 
3. Low Pressure 1. Continued 
donding ( Cont ' d) 
Haynes 25 t o  
Haynes  25 
T i  a l loys 
2. Fabrication  of  multiple heat TD-nickel 
reflection screen of TD-nickel. 
3. Joining  of  A-110-AT t i tanium A-110-AT T i  
components - b u t t  j o i n t s  i n  
cy l indr ica l  bars. 
Inter-  Refer- 
me d i  ate ence 
bIetal( s)  No. 
None 33 
" 25 
None 25 
None 47 
4. TRAHSIENT MELT 
DIFFUSION BONDING 
a. Braze Bonding 1. Fabricat ion  of   fuel   e lement   Stainless   o  Ni-P 48 
o r  sub-assemblies o f   s t a in l e s s  s t a in l e s s  s teel  
Diffusion  Brazing  steel   fuel  tubes.  
2. Production  of  composite  turbine Nimonic 90 X i  46 
blades and fastening  blades Nimonic 90 Ni-M-Pd 
to  roo t s .  
11 
3. Fabrication of t h i n  segmented 'J 
tungsten  rocket  nozzle  liners. V 
50Cr-50Ni 37 
Re 49 
4. Joining  of Inconel-X p la t e s  Inconel-X F i l l e r  unknown 50 
f o r  a heat exchanger for a 
nuclear application. 
TABLE 3-1. SUMMARY OF  PRACTICAL  APPLICATIONS 
OF DIFFUSION BONDIBG TECHNIQUES 
( Continued) 
Technique 
4. a. Braze Bonding o r  5 .  
Diffusion Brazing 
(Continued) 
6. 
7. 
8. 
9. 
10 
Application 
Fabrication of a t r i p l e  c l a d  Mo t o  OFHC C u  t o  
composite of  molybdenum-OFHC 316L s t a in l e s s  
copper-3161 s ta in less  for  a 
missile application. 
Fabrication of a tantalum-OFHC Ta t o  OFHC Cu 
copper composite f o r  a heat- 
s ink appl icat ion in  missile 
cones . 
Fabrication of various other Pt on s t a in l e s s  
metal composites. Ag on s ta in less  
b!o on Cu 
TZM on 01 
Inter-  Refer- 
mediate ence 
Y e t a l (  s)  NO* 
Fillers 50 
unknown 
F i l l e r  
Unknown 
50 
Hastelloy on s teel  11 11 
Fabrication of dissimilar bi- A285 s t e e l  on 405s Filler unknown 50 
metal channeled c lad   p la tes   s ta in less  
for  applications such as hyper- Austenitic stain- 11 
sonic wind tunnels,  etc. less on OFHC C u  
Continuous cladding  of Cb on Y i  Precious 50 
columbium  on nickel   for   use  in  met til f i l l e r  
transportation of l i q u i d  
metals at elevated temperature. 
Production of bi-metal clad T i  on s teel  Filler unknown 50 
plates  of  t i tanium, zirconium Zr on steel  
and inconel on s tee l   for   Inconel  on steel  
chemical and nuclear applications. 
11 
11  11 0 
11 11 
F i l l e r  unknown 50 
11 11 11 
11 11 11 
11 11 11 
TABU 3-1. SUMMARY OF PFUCTICAL  APPLI  CA'X'IONS 
OF  DIFFUSION BONDING TECHNIQUES 
( Continued ) 
Technique 
4. a. Braze Bonding o r  11. 
Diffusion Brazing 
( Continued 
ul 
03 b. Eutect ic  Bonding 1. 
2. 
3. 
4. 
Application 
Fabrication of thermoelectric 
converter elements made from 
Pb/Te compacts with surface 
areas of 3" x 1" bonded t o  a 
transit ion stack-up of other 
metals - fo r  u se  in  SNAP 1 0 A  
Sys tem. 
Capping the ends of  aluminum 
cladding tubes for an organic 
cooled atomic reactor. 
Joining of beryllium t o  304L 
stainless  s teel  for  producing 
a l ight weight,  high 
s t ruc tu ra l  s t r eng th  pa r t .  
Bonding of cermet valve com- 
ponents t o  metals for high 
temperature fluid service. 
Joining of zircaloy components 
for  nuclear  reactors .  
Base 
Metal( s )  
St  ack-up : 
Sta in less  steel 
on Cu on 
62Ag-24Cu-lkIn 
on Fe on lead 
Telluride on Fe 
on 62Ag-2hCu-14In 
on Cu on Al 
A !  t o  Al 
In te r -  Refer- 
mediate ence 
Metal( s) No. 
Braze f i l l e r s  40 
and diffusion 
b a r r i e r s  
51 
Be t o  304L Ag - .2 L i  50 
s t a in l e s s  
Nickel bonded None 52 
carb ide  to  I J i  
Zircaloy-2 Cu, Fe, Ni, 34, 36 
Ni-P, MI, & 35 
Technique 
TABLE 3-1. SUMMARY OF  PRACTICAL  APPLICATIONS 
OF DIFFUSION BONDING TECHNIQUES 
( Continue d ) 
Base 
Application k t a l (  s) 
4. b. Eutectic Bonding 5. Fabrication  ofelectronic Al 5052 t o  
(Continued) chi l l   panels   for   us   in the ~l 6061 
Apollo' Command b d u l e  - 
joining of 0.4" th ick  aluminum 
6061 cores with narrow 1/32'' 
wide coolant channels t o  0.020" 
thick aluminum 5052 cover 
p la tes  - surface areas of 
4 ft2. 
Inter-  Refer- 
mediate ence 
Metal( s) No. 
None 40 
D. EXPERIMEIYTAL WORK I N   D I F F U S I O N  BONDING 
The bulk of  the  in i t i a l  expe r imen ta l  work (1954 t o  1960) on 
d i f fus ion  bonding was sponsored by the Atomic Energy Commission f o r  
nuclear  reactor  materials. The t echn ique  u t i l i zed  fo r  these inves t i -  
gations was i s o s t a t i c  gas pressure bonding which was developed f o r  t h i s  
purpose a t  Battelle. The interest  centered most ly  on compaction  and 
fabrication of ceramic fuel cores and cladding of these cores with 
metals such as molybdenum, columbium, s t a i n l e s s  steels, z i r ca l loys ,  e t c .  
These experimental  effor ts  l e d  t o  the  development of bonding conditions 
f o r  f a b r i c a t i n g  f l a t - p l a t e  and rod-type nuclear  reactor  fuel  e lements  
and subassemblies. Such  components a re  now fabr ica ted  rout ine ly  by gas 
pressure bonding (References 13, 20,  21, 34-36, 41, 44, 48, 52, 53). 
Currently, even though work on nuclear-oriented materials continues, 
much o f  t he  inves t iga t ive  work is  sponsored by t h e  aerospace industry. 
As a result, r e f r ac to ry  metal alloys,  superalloys,  beryll ium, thoria- 
dispersed nickel,  t . i tanium alloys,  aluminum alloys and o the r  materials 
o f  i n t e r e s t  f o r  airframe and missile construction are receiving 
a t ten t ion .  The experimental  invest igat ions general ly  deal  wi th  jo in ing  
f o i l  o r  s h e e t  gauge materials and the types  of  jo in ts  inves t iga ted  are 
usually single-lap or multiple-lap.  A number of intermediate materials 
which appear suitable on the basis of  theore t ica l  cons idera t ions  are 
se lec ted  and evaluated by at tempting to  bond test specimens. The 
bonding equipment used fo r  t hese  s tud ie s  va r i e s  from one inves t iga t ion  
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to  another  in  i t s  details. However, it frequent ly  consis ts  of  an 
evacuated bell-jar type of apparatus (Figure 3-13) where the bond 
pressures  are provided by hydraulic cylinders and the high temperature 
i s  provided by res i s tance  o r  induction heating. Variations on t h e  above 
described arrangement are mny. The t e s t i n g  and evaluation are 
generally based on l ap   shea r  and t e n s i l e   t e s t i n g   o f  bonded specimens 
and metallographic examination. In some cases ,  peel  tests are a lso  
employed. The t e s t i n g  may be conducted both a t  rmm temperature and 
some suitable elevated temperature.  In a f e w  inves t iga t ions ,  the  bonds 
have a l so  been tested under thermal cycling. Evaluation of the e f f e c t s  
of thermal cycling is car r ied  out  by mechanical t e s t i n g   o f   t h e  bond 
and studying the interdiffusion through hardness measuremeeats and o the r  
techniques such as e lec t ron  micro-probe (References 17, 54-56). 
A limited e f f o r t  has also been conducted on the fabr ica t ion  of  
T-joints and on production of specimens with special configurations such 
as honeycomb core and honeycomb sandwich specimens and rocket nozzle 
l iners,   etc.   (References  32,  33, 37, 46,  49, 43). 
The exper imenta l  e f for t  has concentrated on developing bonding 
condi t ions  for  jo in ing  similar metals with or  without  t he  use of  inter-  
mediate metals. However, severa l  inves t iga t ions  have also been  conducted 
on jo in ing  dissimilar metals t o  each other wi th  or  without  the use of 
intermediate metals or  barriers in  the joint  (References 20,  21, 13, 42, 
44,  29, 30). 
101 
,Refractory brick 
,Part t o  be bonded 
,Ifeater plate I 
Fi= m.wc,Resistance heating 
, 
i" L electrode 
I 1 
To 
Evacuating 
Pump 
t 
Bonding 
pressure 
Figunz 3-13. Experimental Bell-Jar Apparatus 
used for  diffusion bonding 
invest igat ions.  
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The ava i lab le  s ign i f icant  exper imenta l  data has been tabulated and 
i s  presented  in  Tables 3-2 and 3-3. Table 3-2 covers  the joining of 
similar materials and Table 3-3 the  jo in ing  of  dissimilar materials. 
Some of  the  data on joining dissimilar materials has already been 
presented  in  a previous chapter under the  inves t iga t ion  of d i f fus ion  
barriers. The tables i n c l u d e  t h e  l i s t i n g  o f  bonding conditions wherever 
avai lable  and brief remarks. The sources of information for the data are 
listed at the end of the report  and can be r e f e r r e d  t o  f o r  f u r t h e r  details. 
A word of  caution must be mentioned regarding the comparison of experi- 
mental data from  one inves t iga t ion  w i t h  t h a t  of another. It has  been 
observed that  the details o f  t e s t i n g  method and evaluation of bonds vary; 
hence, it i s  d i f f i c u l t   t o  make a d i r e c t  comparison of d i f f e r e n t  
invest igat ions.  It i s  pointed out  that  much of  the data of  Tables 3-2 
and 3-3 i s  preliminary. 
The tabulated data serves as a guide t o  the experimental  history 
and a s t a r t i ng  po in t  i n  s e l ec t ing  bonding conditions for a p a r t i c u l a r  
materials system. The spec i f i c  bonding  conditions w i l l  i n  gene ra l  have 
t o  be determined by experimentation. 
No. 
I 
- 
I1 
I11 
I V  
VI11 
I X  
X 
XI 
XI1 
XI11 
TABLE 3-2 
SUMMARY OF EXPERIItE2ITAL DATA 
ON DIFFUSION BONDING OF SIMILAR MATERIALS 
( I N D E X  TO T A B G X  
Materials 
Mo-Base 
Cb-Base 
Ta-Base 
W-Base 
Ni-Base 
Ti-Base 
Be-Elase 
Cu-B as e 
Co-Base 
Al-Base 
Fe-Base 
u-Pa Alloy 
Zr-Base 
Page No. 
104 
107 
110 
112 
113 
116 
117 
117 
118 
119 
120 
122 
122 
Bondinp Conditions 
Intermediate  Pressure Temp. Time 
Material ( k s i )  ( 'Fx1O2) (Min.) Atmos. 
7
Refer- 
ence 
Remarks - NO Xaterials Joined 
I. 
Mo-Base 
None 10  23-26 180  Inert  
( I sos t a t i c )  gas 
Eb Intimate  contact and 5% grain  21 
growth a t  2300'F t o  95% grain 
growth a t  2 6 0 0 ~ ~ .  
Hone 11 23-26 180  Inert  
gas 
140-. 5 T i  Intimate contact and 5% grain  21 
growth at  2300'F t o  95% grain 
growth at 2 6 0 0 ~ ~ .  
El0 T i  f o i l   1 0  17  120 Argon Sat isfactory bonds. 20 
T i  f o i l  & 12.5 1 6  10 Vacuum 
film 
Sat isfactory bonds. 43 Mo 
Ta ( .002" " 18.5 -- Argon 
thick)  
Sat isfactory bonds. 39 Mo 
N i  f o i l  1 0  1 6  1 0  Vacuum Sat isfactory bonds. 43 El0 
TZM 
TZM 
None 12 25 1 Argon Preliminary  bonding  conditions . 25 
. 001" T i  10  19-22 .3-.7 Argon Poor bond strengths due t o  del=- 54 
ina t ion  in  TZM. 
T i  f o i l  & 5-16 14-20  1-60 Vacuum 
f i l m  
Bond strength  ighly dependent 43 
on TZM quality.  Delaminating 
tendency of TZM i s  detrimental. 
TZM 
T i  07 20 180 Vacuum Preliminary results. Good bond. 33 TZlil 
Materials 
Joined 
I. 
Mo-Base 
TZ M 
TZM 
TZM 
TZM 
TZM 
(3\ TZM 
G 
TZM 
TZ M 
TZM 
T ZM 
TZM 
TZM 
TZM 
Intermediate 
Paterial 
T i  ( .001" 
th ick)  
T i  
Ta ( .001" 
th ick)  
T a  
X i  f o i l  
Bi f i lm 
Zr f o i l  
Z r  
Pt  , Pt-Rh 
Pt f i l m  
V f o i l  
v 
v 
Bonding Conditions 
Pressure Temp. 
( k s i )  ( OFX1O2) 
Refer- 
Time ence 
(Min. Atmos. Remarks - " No 
10 
1 2  
12  
12  
20 
5-10 
.7 
5-10 
20 
5-10 
12 
12 
18 
14.25 
24-28 
21.8 
20 
20 
16-18 
20 
18 
20 
16-20 
17 
16 
0 5  
1 
03 
1 
180 
1 
10-60 
180 
10-60 
1 
10-60 
03 
1 
Argon Bonding feasible. 17 
Argon Preliminary results. 
Argon Bonding feasible. 
25 
56 
Argon Preliminary results. 25 
Vacuum Preliminary results. 33 
Argon Loss i n  bond s t rength on 55 
diffusion annealing. 
Vacuum No bonding  observed. 
Vacuum No bonding  observed. 
43 
33 
Vacuum Strong bonds. 43 
Argon Pt f i l m  no t   oo   e f fec t ive  an aid 55 
t o  diffusion. 
Vacuum No bonding  observed. 43 
Argon Great l o s s  of bond s t rength on 1 7  
subsequent diff'usion anneal. 
I Argon Preliminary results. 25 
Bonding Conditions Refer- 
Materials Intermediate Pressure Temp. Time ence 
Joined Material ( k s i )  ( OFxlO2) (Min. ) Atmos. Remarks NO . 
I. 
Mo-Base 
TZM 
TZM 
TZM 
TZM 
TZM 
i5 
73 TZM 
TZM 
TZM 
TZM 
TZM 
TZM 
TZM 
Pd 07 
Pd f i l m  20 
Cr .7 
C r  20 
Fe 07 
Monel .7 
Rh f i lm 20 
Ru film 20 
Re film 20 
Cb f o i l  10  
m 12 
Cb ( .0005" - 1 0  . 002" th ick)  
20 
20 
20 
20 
20 
20 
20 
20 
20 
26 
19  
26 
180 
1 
180 
1 
180 
180 
1 
1 
1 
-5 
1 
33 
Vacuum 
Argon 
Vacuum 
Argon 
Vacuum 
Vacuum 
Argon 
Argon 
Arwn 
Argon 
Argon 
Argon 
Preliminary results, Good bonding. 33 
Very good bonds. High s t rength 55 
increase on diffusion annealing. 
No bonding. 33 
No bonding. 55 
Fair  bond. Preliminary results. 33 
Void free bond. 33 
Loss of bond strength on annealing. 55 
Drast ic   loss  of bond strength on 55 
annealing. 
No bonding. 55 
Good bonds even after annealing. 17 
However, Cb promotes recry- 
s ta l l iza t ion   of  TZM. 
Preliminary results . 25 
Variations  in bond strengths due 54 
to delaminations i n  TZM. 
Bonding Conditions 
Materials Intermediate  Pressure Temp.  i e 
Joined Material ( k s i )  ( O F x l O 2 )  (Min.) " Atmos. 
I. 
140 -B as e 
T ZM Mo 1 0  26 .5 Argon 
11. 
Cb-Base 
cb None 10  21-24 180  Inert  
( I s o s t a t i c )  Gas 
cb Zr 
Cb Mg pla t ing  .l-. 2 20-22.3  60- 40 Vacuum 
11 15.4 240  Argon 
I" 
cb Cu pla t ing  11 I1 11 11 
cb Ag p la t ing  11 11 11 I1 
Cb Zn p la t ing  11 11 11 11 
Cb bb p la t ing  
cb Co p la t ing  11 11 
11 11 11 11 
I1 11 
Cb T i  p l a t ing  11 11 11 11 
cb In   p l a t ing  .130 20 60 Vacuum 
Remarks 
Inconsistent results. 
Intimate contact . Complete 
grain growth. 
Sa t i s fac tory  bonds. 
No aDpreciable bonding. 
kchan ica l ly  weak. 
I t  
11 
11 
lt 
11 
11 
Very  good. Mzchanically  strong 
bond. 
Refer- 
en ce 
No. 
21 
20 
57 
n 
11 
11 
11 
11 
11 
11 
Bonding Conditions 
Materials Intermediate  Pressure Temp. Time 
Joined Material ( k s i )  ( 'FxJ.02) (Min,) " Atmos .  
I1 . 
Cb-Base 
cb I n  plat ing on .130 20 60 Vacuum 
N i  p la t ing  
B-66 None 10-20 22-26 .3-1 Argon 
B-66 T i  f o i l  10 1 4  10  Vacuum 
B-66 V f o i l  10 26 . 3  Argon 
g B-66 
\o 
Ta 12 26 .3 Argon 
B=66 Ta ( . 0003" 10 26 .3-.7 Argon 
thick)  
D-43 None 30 25 1 Argon 
D-43 None 40 24 1 Argon 
E-43 T i  f o i l  10 1 4  10 Vacuum 
D-43 V ( . 001" thick)  12 24.5 .3 Argon 
D-43 Ta f o i l  10 25-26 .3 Argon 
D-36 None 12 24-26 . 3  Argon 
Refer- 
ence 
Remarks NO. - 
Very good. Mechanically strong 57 
bond . 
Satisfactory bonds. Better bonds 56 
above 2500'F. 
Highly sa t i s fac tory  bonds. 43 
Good bonds but   not  as strong as 56 
self-bonds. 
Good bonds. No ill e f fec t s  of 56 
diffusion anneal. 
Good bonds. Parent metal f a i lu re s  54 
i n  peel tes t ing.  
Good peel  s t rengths  with the high 56 
bonding  pressures. 
I t  56 
Highly sa t i s fac tory  bonds. 43 
11 It 11 56 
Fai r bonds . 55 
Best r e su l t s  at 2450'F, 12,000 p s i  56 
and 18 seconds. 
Materials 
Joined 
11. 
Cb-B as e 
D- 36 
D-36 
D- 36 
D-36 
D-36 
I-J D-36 
D-36 
11-36 
D-36 
11-36 
D-36 
s-33 
Bonding Conditions  Refer- 
Intermediate  Pressu e Temp. Time ence 
No. Mate ri al ( k s i )  ( OFx102) (Min.) - Atmos.  Remarks - 
T i  f o i l  5 1 4  10 Vacuum Strong bonds. 43 
T i  f i l m  10 1 4  10  11 11 43 
Ti  foil 10 22 . 3  Argon " 11 55 
Ti f o i l  & f i lm .7 17-20 180 Vacuum I' 11 33 
Zr foil 5 1 4  10 Fai r  bonds . 43 
Z r  foil .7 20 180 Good bonding,  but  voids  in Z r  33 
i n t e r l ea f .  
2r-4.5 Cr 1-5 20-22 1 Argon  Very strong bonds. Solidus 56 
temperature of Zr-4.5 Cr with Cb 
is 237O0F. 
Ni 07 20 180 Vacuum Nearly  void free bond. Some 33 
eutectic melting. 
V f o i l  .7 20 180 Vacuum Cracks  between interleaf & D-36. 33 
Cr .7 20 180 No bonding. 33 
Ta ( .001" t h i ck )  10 24 .33 Argon  Good T-joints made, but not as 55 
good as with Ti .  
None 10 22-24 -30 Good bonds. Best results at 55 
2400'F. 
Materials 
Joined 
I1 . 
cb-Base 
B-33 
cb-752 
Cb-752 
I11 . 
Ta-Base 
Ta 
Ta 
Ta 
Ta 
Ta 
Ta 
Intermediate 
Material 
cb ( . 001" 
thick)  
'I5 f o i l  
T i  f i l m  
T i  ( .0005" 
thick)  
Ti f o i l  
None 
None 
None 
None 
T i  f o i l  
Z r  
Bonding Conditions 
Pressure Temp. ~ Time 
5 20 1 
5 14.5 10 
12.5 14.5 1 0  
.7 22 360 
10 1 4  10 
Argon 
Vacuum 
Vacuum 
Vacuum 
Vacuum 
Remarks 
Fa i r  bond. Preliminary result. 
Strong bonds . 
I1 I1 
Fair core-to-facing bonds i n  
honeycomb sandwich panels. 
Very good bonds. 
10 24-26 180  InertSatisfactory bonds. 
( I sos t a t i c )  Gas 
Refer- 
ence 
NO - 
56 
43 
11 
33 
43 
20 
20 20.5 .16 Argon Yield-stress controlled bonding. 25 
10 23.5 180 Argon Diffusion  controlled bonding. 25 
10 18-24 10 Vacuum Preliminary  results. 43 
10 16  10 Vacuum Good bonds. 43 
" 16  - " Preliminary  results . 20 
Bonding Conditions 
Materials Intermediate  Pressure Temp. Time 
Joined Material ( k s i )  ( 'Fx102) (Kin. -) Atmos. 
111. 
Ta-Base 
T U 1  None 10 2 4-2 8 . 3  Argon 
Tlll Ti-Ta-Ti f i l m  25 15-16 1 Argon 
composite 
T l l l  T i  f o i l  10 16 10 Vacuum 
T l l l  Ta f o i l  10-40 22-26 1 Argon 
T l l l  V ( .001" th ick)  12  26 .33 Argon 
E T U 1  Cb ( .001" t h i ck )  20 22 1 Argon 
I" 
Tlll W ( .001" th ick)  20 22 1 Argon 
Ta-1OW T i  film 10  17-1 8 1 0  Vacuum 
Ta-1OW Ta f o i l  10-20 26 . 3  Argon 
Ta-1OW ( .0003"-. 002") Ta 20 26 . 3 3  Argon 
Ta-1OW V 10-20 26 . 3  Argon 
Ta-1OW Cb ( .0005" 10 26 . 3  Argon 
th ick)  
Refer- 
ence 
No. Remarks - 
Unsatisfactory bonds. 55 
Good as bonded s t rength,  but 56 
weakening on diffusion anneal. 
Good bonding. 43 
Very  good bonds. No weakening 55 
on anneal. 
Very goodbbnd strengths.  56 
Very  good as bonded strengths.  55 
Strength increase on diffusion 
annealing. 
Very weak bonds. 55 
Marginal  bonding. 43 
Good bond strengths.   Strength 17 
increase on annealing. 
Very strong bonds obtained. 54 
Poor bonds. No improvement on 17 
annealing. 
Very good bond strength.  Sig- 17 
nif icant  s t rength increase on 
annealing. 
aondinp; Conditions Refer- 
Joined Material ( k s i )  (- 'Fx102) (Min.) " Atmos.  Remarks - -No. l-terids Intermediate  Pressure Temp. Time ence 
IV.  
W-3ase 
W 
 
Inert  Preliminary results. 20, 25 
Gas 
None 10  28 
( I sos t a t i c )  
W 
W 
w L W  
W 
W 
W 
W 
Hi, Pd films 
I t  I 1  I t  
N i ,  Re, C r ,  
F% , electro- 
plates  
Re-Ta, Re-Cb 
plated comd 
posi tes  
Ta, m, cb, 
V, Zr, T i  
Ni f i l ler  
50Cr-50Ni 
f i l l e r  
-10 18 
=10 20 
20 18.5 
20 18.5 
20 18.5 
. OOL-. 016 27 
It 25 
180 
90 
15 
30 
30 
30 
1 
30 
Puri- High remelt temperature  joints. 32 
f i ed  No base metal cracking. 
Hydro- 
gen 
11 I t  11 tt 
" Good bonds judged by t e s t i n g  
at 4150'F under a 540 p s i  load 
on a fail-no f a i l  basis. 
" Good high remelt bonds. 
" Poor bonds . 
Vacuum Brazing followed by s i x  hour 
diffusion treatment at 2200'F 
gave low remelt bonds. 
Vacuum Diffusion brazing at 2500°F gave 
consistent bonds with remelts 
above 5000°F. 
I t  
49 
49 
49 
37 
37 
Materials Intermediate 
Joined Material 
I V .  
W-Base 
W 
w 
W 
V. 
N i  Base 
N i :  Ta: N i  
f o i l  
62Pd-38Cr 
f i l ler  
Pt-B f i l l e r  
TD N i  None 
TD N i  None 
TD N i  None 
TD N i  None 
Bonding Conditions  Refer- 
Pressure Temp. Time ence 
( k s i ) .  (OFx102) (Min.) - Atmos. Remarks x0 . 
.004-. 016 27 1 Vacuum .002" th i ck  Ta and .001" N i  f o i l s  37 
used for diffusion brazing 
followed by diffusion treatment 
of 6 hours a t  2400°F gave incon- 
s i s t e n t  results and low remelts. 
. 004-. 016 26 1 Vacuum Brazing  followed by 6 hours  diffu- 'I 
sion at 1800-2200'F gave remelt 
temFeratures around 4000'F. 
-_ 16 " " Reactive  brazing a t  1575OF gives 58 
remelt temperatures above 4400'F 
due t o  chemical reaction: 
Pt-B+W + Pt( W )  + WgB 
3 
.0132 
9 
24 
Melting 
Points : 1575OF  4460OF 5O2O'F 
L 
at 60% 
W s o l i d  
solution 
10  LO Vacuum P a r t i a l  bonding. 
22 60 Vacuum Fair bond. 
20 90 Vacuum Very s t rong bond. 
16 .3 Argon Excellent bonds. 
43 
75 
75 - 
56 
Bonding Conditions 
Intermediate  Pr ssure Temp. - Time 
Refer- 
ence 
No. - 
56 
17  
17 
17 
17 
17&54 
17  
75 
1 7  
17 
17 
f4aterial.s 
Joined 
V. 
Ni Base 
TD N i  
TD N i  
( oFxlO') Material (ksi) (Min.) Atmos. -
i 
Remarks 
- 3  Argon 
5 
None 12 
10 
10 
10 
10 
10 
10 
.0132 
10 
10 
10 
20 
20 
20 
20 
20 
21 
20 
23 
20 
20 
20 
Excellent bonds. 
Good bonds, but slight strength 
loss on anned.  
Good bonds, but  s l ight  s t rength 
loss on anneal. 
Cood bonds, but  drastic s t rength 
F't electro- 
p la te  
P t  ( .0015" 
thick)  
. 3 l1 TD N i  
5 TD N i  Pd electro- 
plate loss on &ea1 at 2350'F. 
Strength loss on anneal due 
voids in TU N i .  
Good bonds. High s t rength 
increase on anneal. No voil 
Good bonds but reduction to 
strength on 2350'F anneal. 
Fair  bond. 
Fair  bond. 
r 
TD N i  Pd ( .0017" 
thick)  
. 3 t o  
60Pd-40Ni f o i l  TD N i  .3 11 
as . 
zero 035 TD N i  Au electroplate  
60 Vacuum 
-35 Argon 
-35 l1 
TD N i  
TD Ni 
TD N i  
N i  p la te  
N i  e lectroplate  
N i  ( .00025" 
th ick)  
Good bond but strength loss on 
2350'F anneal. 
035 l1 TD N i  Good bond. Strength  increase on 
2350°F anneal. 
Materials 
Joined 
V. 
N i  Base 
TD N i  
TD N i  
TD N i  
TD N i  
TD Ni 
P 
& 
TD N i  
TD H i  
Rene' 4 1  
Rene' 41 
Inconel 
Delta max 
(50Ni- 
50Fe) 
Intermediate 
Material 
Bonding Conditions Refer- 
Pressure Temp.  Time ence 
( k s i )  ('FxI.02) (Min.) Atmos. Remarks NO - - 
N i  ( .001" t h i ck )  .0132 
N i  ( .001" t h i ck )  9 
ZrB2 .0132 
bb ( .001" t h i ck )  .0132 
T i  vapor .0132 
deposit  
Al vapor .0132 
deposit 
cu 3-5 
None 5-1 
cu foil 5 
None e 5  
None 4.4 
23 
20 
23 
23 
23 
23 
9-1 3 
21-23 
16 
20-21 
11 
600 Vacuum 
45 
60 
Go l1 
60 
60 
10 'I 
10 l1 
Good bond. B a s e  metal  failure 
on tes t ing.  
Very strong bond. Base metal 
f a i lu re  on tes t ing .  
Good bond. 
Good bond. 
No bond. 
No bond. 
Iyo bond. 
No bonding. 
Excellent bonds. 
Strong bonds. 
Sa t i s fac tory  bonds. 
75 
75 
75 
75 
75 
75 
43 
43 
43 
43 
43 
Ximonic 90 N i  foil & film -- 20  1 0 -- Hot pressing  followed by d i f f i -  46 
sion at 2000'F f o r  20 hours. 
Strong bonds. 
Materials 
Joined 
V. 
Ni-Base 
Nimonic  90 
N i *  
T i  (75A) 
A-1 lOAT 
B-120VCA 
RS 140 
Intermediate 
Mat e ri al 
Ni-Ih-Pd 
f i l l e r  
None 
None 
None 
Ag f o i l  
Al f o i l  
Mi 
None 
Ag f i l l e r  
None 
Al f o i l  
Bonding Conditions 
Pres sure Temp . - Time Refer- 
4.5 21.5 
2.1 18.3 
4-10 13 
10 16 
( I sos t a t i c )  
2-1 0 
10 
Sl ight  
S l i g h t  
S l i g h t  
b W  
10 
10-14 
10.5 
17 5-18 
18.5 
18.5 
16-17 
11 
2 
10 
10 
240 
10 
1 0  
Long 
60 
60 
- 
ence 
A t  mos . Remarks NO - 7 
-- Pressure  brazed a t  2150'F 46 
followed by diffusion a t  2000'F 
f o r  20 hours. Strong bonds. 
Vacuum Sat isfactory bonds with machined 29 
5x~.0+%urfaces. [ * Russian data] 
Hg 
Vacuum Sat isfactory bonds. 43 
Inert   Preliminary results. 
gas 
20 
Vacuum Strong bonds but  too high 43 
bonding  temperature . 
11 Strong bonds. 43 
II Eutectic bonding giving good  bond. 59 
11 Excellent bonds with base metal 47 
strengths . 
11 Excellent diffusion brazed joints. 47 
600-720 'I Creep controlled bonding. Pre- 25 
liminary results. 
10  It Very strong bonds. 43 
I 
Materials 
Joined 
VI. 
Ti-3ase 
vTI* 
VI1 . 
Be-Base 
Be 
P Be 
K 
Be 
Be 
Be 
VIII. 
Cu-Base 
cu 
cu 
cu 
Bonding Conditions 
Intermediate Pressure Temr,.- 
~. 
Material ( k s i  ) ( O F i O ' )  
Time 
(Min. Atmos. -
None 1 15.6 
None 10 15-16.5 
( I s o s t a t i c )  
Ag f o i l  1 0  13 
At3 " 17 
A 1  f o i l  5 11 
None 
None 
None 
.5 
5 
24 
15 
60 
240 
10 
" 
10 
Vacuum 
5X10-5m 
Hg 
Vacuum 
I n e r t  
Gas 
Vacuum 
Vacuum 
Vacuum 
Refer- 
ence 
No . Remarks -
Sat i s fac tory  bonds with 29 
machined surfaces. [ * Russiem 
material designations] 
Very  good bonds. Pressure 45 
through differential expansion 
by hea t ing  in  a Moly-vise. 
Good bonds. 20 
Strong bonds. 43 
Eutectic  bonding  to  ive good 50 
bonds . 
Strong bonds 43 
16  10 Air Highly sa t i s f ac to ry  bonds. 43 
10 10 Vacuum Sat i s fac tory  bonds. 43 
4 1 Hydrogen  Complete contact. Good bonds. 10 
Materials Intermediate 
Joined Material 
VI11 . 
Cu-Base 
cu None 
cu None 
cu None 
cu None 
cu Z r  
P 
Beryllium 63Ag-27Cu- 
G cu lOIn a l loy  
Be -Cu  Au f i l l e r  
143 Copper* None 
IX. 
Co-Base 
Haynes  25  None 
Haynes  25 None 
Bonding Conditions 
Pres  sure Temp. Time 
Refer- 
ence 
(ks i )  ( ' G O 2 )  (Itin.) Atmos.  Remarks - No. 
20.3 6 1 Hydrogen Complete contact. Good bonds. 10  
17 7 1 Complete contact Good bonds. 10 
1 4  a 1 Complete contact . Good bonds. 10 
12 10 1 Complete contact. Good bonds. 1 0  
2-1 0 5-7 1 0  Vacuum Bo bonding. 43 
. 006 14.75 30  Vacuum, Strong  diffusion brazed joints .  60 
Hydrogen 
.006 14.75-15.5  30 Good diffusion  brazed  joints  but 60 
not as strong as with Ag-Cu-In 
filler. 
1 15.6 20 Vacuum Sat isfacto bonds with machined 29 
5xlO-5 surfaces. & ssian material 
/- mm ng ' designations J 
.5 2 1  10 Vacuum  Good bonds. 43 
07 20 l a 0  11 Satisfactory bonds. Diffusion 33 
across interface complete.. 
Bonding Conditions 
Materials Intermediate  Pressure Temp. Time 
1x0 
Co-Base 
Haynes 25 None .08 22 180 Vacuum 
Haynes 25 Be t ransport  Low 19.5-21 112-5 l1 
alloys with 
N i ,  "I, Cr, 
Fe 
Haynes 25 N i  ( .0015" 07 20 180 'I 
th ick)  
Haynes 25 .46 20 
Haynes  25  Pd ( . 0008~~  46 20 600 (l E 
600 
th ick)  
Haynes  25 Pd ( .001811 .7 20 180 (I 
th ick)  
X. 
Al-Base 
Al N i ,  Cu, Fe " " " " 
fi lms 
Refer- 
ence 
Remarks NO 
Bonds with some i n t e r f a c i a l  33 
voids . 
Strong bonds. Beryllium is a 61 
good "primary" diffuser for 
Co-base d l o y s .  
Void f r ee  bonds. 33 
Voids i n  band. 33 
Void free  s t ong bonds. 33 
Void free  s t ong bonds. 33 
Void f r ee  bonds. 33 
Strong eutectic bond. Preliminary 43 
results. 
Bonding feasible.  62 
Bondine: Conditions ~~ ~ 
Wterials Intermediate  Pressure Temp., Time 
~ Refer- 
ence 
Joined  Material ( k s i )  (OFxlO') (Vin.) - Atms. Remarks No. 
X. 
Al-Base 
Al S i  
AMts * None 
XI. 
Fe-Base 
E 2Kh13 steel*None 
r 
30KhGSA None 
steel" 
Grade GO None 
steel 
N29K18* None 
(Kovar ) 
1-2 10.5-11.1 1 Vacuum Eutectic bonding  u der  pressure 53 
giving strong bonds wi th  no 
residual  low remelt area in  jo in t .  
0.7 11 20 Vacuum Sat isfactory bonding with 29 
5xl0-5 machined surfaces. [*Russian 
mm He; material  designations. 1 
2.25  17.2-17.5 10 Vacuum Excellent bonds i n  elbow  bend 30 
10-3 mm specimens. No damage t o  bond 
Hg microstructure even after exten- 
sive pressure cycling and 
vibration testing. [*Russian desig. 1 
2.25  17-17.2 10  Welding of end  cap  spe imens. 30 
Excellent bonds without any 
distor t ions.  [*Russian material 
designations . 3 
2.1 17  10  30 
designation. 3 
2.8 20  25  Vacuum Sat isfactory bonds with machined 29 
5x10-5 surfaces. [*Russian material  
mm Hg designations] 
Materials Intermediate 
Joined Material 
XI. 
Fe-Base 
Mild s t e e l  None 
300 stain-  None 
l e s s  series 
300 s ta in-  None 
less series 
~2 86 None 
AM-350 None 
P 
Iu 
Iu AM-355 None 
PH15-7b None 
Bonding Conditions 
Pressure Temo. Time 
Refer- 
ence 
05 20 
05 20.5 
10  2 1  
( I s o s t a t i c )  
05 22 
05 20.5 
0 5  20.5 
05 20.5 
10 Vacuum Sat i s fac tory  bonds. 
10 l1 Sat i s fac tory  bonds. 
180 Iner t   Sa t i s fac tory  bonds. 
gas 
10  Vacuum Sat i s fac tory  bonds. 
10 Vacuum Sat i s fac tory  bonds. 
10 Vacuum Sat i s fac tory  bonds. 
10-30 Vacuum Sat i s fac tory  bonds. 
43 
43 
20 
43 
43 
43 
43 
PH15-71ub N i ,  Pd, HS-25 -- " -- Vacuum Bonding feasible. 43 
S ta in l e s s  Ni-P p la t ing  0- 18.75 60 Dry Diffusion  brazing t o  get good 48 
hydrogen duc t i l e  bonds. 
Steel EI63* None 5 1  18.3 10 Vacuum Very strong bonds obtained. 31 
["Russian material designation] 
S tee l  45* None 51 18.3 10 l' 
C a s t  i ron  None 5 1  14.7 10 l1 
11 11 31 
31 11 tt 
Bonding Conditions Refer- 
Jo ine d Material ( k s i )  ( ' F x 1 O 2 )  (Min.) Atmos.  Remark  - 110. Materials Intermediate  Pressure Temp. Time ence 
XII. 
U-Pa Alloy 
U-80 Pd  None
XIII. 
Zr-Base 
Zr None 
4 11-12 10 Vacuum  Good bonds. Preliminary results. 43 
1 0  15.5 180-240 Inert   Strong bonds. Best bonds with 20 
( I s o s t a t i c )  gas belt  abraded surfaces. 
~ i r c d o y - 4  
11 11 
1t 11 
n 
4 1  
Zircaloy-2 Cu powder " 17.2 2 Vacuum  Good eutec t ic  bonds. 34 
Zircaloy-2 Cu p la t e  . 03 1 9  30-120 Helium 11 11 11 
( ,0001" th ick)  
35 
Wrcaloy-2 Cu ( .00015"- .015-.03 18.3 Min. Iner t   Excel lent   eutect ic  bonds. 36 . 00025" th i ck )   t o  gas 
Hrs. 
Zircaloy-2 N i  powder " 18.5 2 Vacuum  Good eutec t ic  bonds. 34 
Bonding Conditions 
bkterials Intermediate  Pressure Temp.  Time 
Joined Material ( k s i )  ( 'Fx102)  (Min. - Atmos. 
XIII. 
Zr-Base 
Zircaloy-2 N i  ( .00015"- .015-. 030 18.3 
,00025" th ick)  
Zircaloy-2 Ni-P powder " 17.2 
Zircaloy-2 S i  powder -- 25.6 
Zircaloy-2 Mn powder " 21.6 
Zircaloy-2 Fe ( ,0001"- 03 
E 
16.5-18.5 
.0003" t h i ck )  
Zircaloy-2 Fe ( ,00015" - .015-.030  18.3 
,00025'' th ick)  
Min. I n e r t  
t o  gas 
Hrs. 
2 Vacuum 
2 
2 l1 
Min. Ine r t  
t o  gas 
Hrs. 
Refer- 
en  ce 
Remarks No . 
Excel lent   eutect ic  bonds. 36 
Good eu tec t i c  bonds. 34 
11 11 t l  34 
34 11 11 11 
Undependable  bonds with voids. 35 
Excel lent   eutect ic  bonds. 36 
TABLE 3-3 
S U W Y  OF EXPERIMENTAL DATA 
ON D I F F U S I O N  BONDING OF D I S S I M I L A R  blA'lXRIALS 
I 
11 
I11 
IV 
& v  
V I  
VI1 
( I N D E X  To TABU 3-3) 
Materials 
Fe-Base t o  Hard Metals 
Cu-Base t o  Other M!?tals 
Stainless  Steels t o  Other Metals 
U-Base t o  Other k t a l s  
Ceramics t o  Metals 
U-Base t o  Zr 
Zircaloy t o  Stainless  
Page No. 
125 
125 
126 
127 
128 
129 
129 
Bonding Conditions Refer- 
;kterials Intermediate Pressure Temp. Time ence 
Joined Material ( k s i )  (- O F x l O 2 )  (Min.) - Atmos. Remarks No. - 
I. 
Hard 
Metals t o  
Fe-base 
79!415Ti6C8' 
-Steel 45 None 
79Wl5Ti6Co" I1 
-Steel EI69" 
34W60TiGCo" 
-S tee l  45" 
E 11. 
Copper t o  
Other 
Metals 
MB Copper- None 
VTI" ( T i  
a l l oy  1 
MB Copper- 
ATts  alloy* 
11 
( f i  alloy) 
MB Copper- II 
N29K18 
( Kovar ) 
51 
51 
51 
.7 
1 
1 
14.7 10 Vacuum Sat i s fac tory  bonds obtained.  31
18.3 10 I1 I1 11 31 
14.7 10 11 II It 31 
15.6 15 Vacuum Sat i s fac tory  bonds wi th  machined  29 
5x10-5 surf  aces. 
IQm H a  
9.5 15 " Same as above. 
17.4 10 'I Same as above. 
29 
29 
*Russian material designations. 
, 
Materials 
Joined 
11. 
Copper t o  
Other 
Metals 
cu t o  
(Jb-1 zr 
cu t o  316 
Stainless  
Be-Cu t o  
Monel 
Be-Cu t o  
Monel 
111. 
Stainless  
t o  
Others 
Stainless  
310 t o  
mlY 
Stainless  
310 t o  Cb 
Intermediate 
Material 
Bonding Conditions Refer- 
Pressure Temp. Time ence 
No. ( k s i )  ("FxlO*) (Idin.) Atmos. Remarks -
None " 18 240 Vacuum Good bond. Fai lure   in  copper 76 
during  testing. 
None -_ 18 120 Vacuum  Same as above. 76 
Au- Cu , 1 - 5 6  6.5 180 Helium Good bond strengths and 42 
Au-Ag ( Isos ta t ic )   o r   sa t i s fac tory   d i f fu ion .  
electro-  nitrogen 
p la tes  
AU-Pb , 
Au-Al 
I1 11 I1 11 Brittle bonds . 
electro- 
p la tes  
42 
11 i 
(barrier) 
Fe 
(barrier) 
- " " " Bonding feasible with good 13 
mechanical properties and 
minimum intermetall ics.  
" " " -- Same as above. 13 
Bonding Conditions 
Materials  Intermediate  Pressure Temp.. Time 
Refer- 
ence 
Joined Material ( k s i )  ( OFx102) (En. - Atmos.  Remarks NO 
111. 
Sta in less  
t o  Others 
S ta in less  
31.6 t o  
Cb-1Zr None 
I V .  
Al t o  
Others 
Al t o  cu None 
a A l  t o  cu None 
P ru 
A1 t o  Z r  None 
Al t o  N i  None 
18 240 Vacuum b w  s t rength,  bond f a i l u r e  due 76 
to intermetall ic formation. 
40 8. a 4 Vacuum  Good bonding. 63 
22 10 4 Vacuum Good bonding. 63 
22-50 10 1 5  Vacuum  Bond strengths  increased  with 63 
increasing pressure but decreased 
with increasing temperature 
beyond 1000'F. 
22-52 9.3 4 Vacuum  Good bonds. Intermetal l ic  forma- 64 
t ion decreased with increasing 
pressure and was completely 
e l imina ted  a t  52,000 psi .  
Al t o  u N i  p l a t e  5 9 " " Uranium plated wi th  Y i  l aye r  65 
and bonded successfu l ly   to  
aluwinum. 
Bonding Conditions 
Materials Intermediate  Pressure Temn. Time 
Joined Material ( k s i )  (OFxi02) (itin.) - Atmos. 
V. 
Ceramics 
t o  
M t a l s  
Nickel 
bonded 
Carbide 
t o  N i  
None " 24.5 10 I n e r t  
gas 
Alumina  None 10 28  20 Ine r t  
t o  Ta ( I s o s t a t i c )  @;as 
u02 to None 15.5 240 Ine r t  
UO2 t o  Carbon 15.5 240 I n e r t  
11 
&i Zircaloy  gas 
11 
Zircaloy (Barrier) gas 
u02 t o  Cb None 21 180 I n e r t  11 
gas 
u02 t o  Y one 21 180  Iner t  I1 
Stainless  @;as 
U-Zr t o  None 15.5 300 Ine r t  
Zircaloy 2 gas 
I1 
uc t o  cb None  21-24 180  Iner t11 
gas 
Refer- 
ence 
Remarks No. 
Good eu tec t ic  bonds. 52 
Satisfactory bonds obtained. 20 
11 11 I t  20 
Mechanically strong bond. No 20 
interact ion between Zircaloy 
ana uo*. 
Good bonds obtained. 20 
11 11 11 20 
I1 11 I t  20 
Good bonds obtained. A narrow 21 
diffusion zone at interface.  
Materials 
Jo ine d 
VI. 
Z r  t o  
U base 
Z r  t o  U 
Z r  t o  
u - l o b  
V I I .  
Zircaloy 
t o  
S ta in less  
P Zircaloy-2 
0 t o  302 
Sta in less  
Zircaloy-2 
t o  302 
Sta in less  
Intermediate  Pressure Temp. Time 
Material ( k s i )  ('Fx102) (Min.) Atmos. -
None  2.2 15.5 2160 
( I s o s t a t i c )  
None 10  12  360 
( I s o s t a t i c )  
None 
None 
" 
" 
Ine r t  
gas 
11 
Refer- 
ence 
Remarks No. 
Good bonds obtained. 
11 11 11 
20 
20 
80 Vacuum Pressure  applied  through 44 
d i f f e r e n t i a l  expansion. Good 
bonds obtained. 
3 Helium Same as above. 44 
E. SUMMARY 
The current  appl icat ions of  diffusion bonding focus on the joining 
of materials and s t ruc tu res  which are d i f f i c u l t   t o   j o i n  by fusion welding. 
These materials include al loys whose proper t ies  depend on thermally meta- 
stable phases ; dispersion  hardened  composite materials ; b r i t t l e  materials ; 
and materials which s u f f e r  loss  of  proper t ies  on r ec rys t a l l i za t ion .  The 
process has been used fo r  f ab r i ca t ion  of nuclear fuel elements and s m a l l  
e l ec t ron ic  components, and i ts  f e a s i b i l i t y  f o r  large expandable structures 
such as honeycomb sandwich  panels has been  demonstrated.  Diffusion 
bonding is  we l l  su i t ed  fo r  f ab r i ca t ing  s t ruc tu res  from sheet and f o i l  
materials, primarily in lap joint  configurations.  Fusion welding and 
braz ing  encounter  d i f f icu l t ies  in  jo in ing  t h i n .  gauge mater ia ls .  
The diffusion bonding techniques are broadly divided into four 
c lasses ,  v iz .  y ie ld  stress controlled bonding; diffusion controlled 
bonding; creep controlled bonding; and t r ans i en t  melt diffusion bonding. 
These de f in i t i ons  are based on the var ia t ions  of the parameters--pressure, 
time and temperature. These c l a s s i f i c a t i o n s  are f l e x i b l e  and  changes  of 
the bonding parameters can change the technique being used. 
The gas pressure bonding method is  used most extensively and is  
rout ine ly  employed i n  t he  nuclear  reactor  industry for  producing flat- 
p l a t e  and  rod-type fuel  e lements  and  subassemblies. The f e a s i b i l i t y  o f  
employing gas pressure bonding fo r  f ab r i ca t ing  va r ious  o the r  complex 
s t ruc tu res  has a l s o  been reported. 
Low pressure bonding has been u t i l i z e d   f o r   f a b r i c a t i o n  of l a r g e  
(2' x 3' )  prototype refractory metal and superalloy honeycomb sandwich 
panels . 
Transient melt diffusion bonding techniques are general ly  used to  
enable the j o i n i n g  t o  take place at low temperatures and pressures, w i t h  
subsequent diffusion to provide higher remelt  properties (e.g. tungsten 
rocke t  l i ne r s  and clad composites). 
Die pressure bonding has found appl icat ion for  joining small 
components. One of i t s  major uses has been f ab r i ca t ing  d i f fus ion  bonded 
honeycomb core which  can be expanded in to  l a rge  pane l  s i zes .  The pressure 
welding technique has been employed f o r   j o i n i n g  steel  pipes and aluminum- 
to-copper bimetall ic joints.  
Considerable experimental work has been conducted on the d i f fus ion  
bonding of various materials. The em?hasis has  s h i f t e d  from the nuclear- 
r eac to r  o r i en ted  materials t o  the materials o f  i n t e re s t  to the  aerospace 
field. As a resu l t ,  d i f fus ion  bonding  inves t iga t ions  have  been  conducted 
and are continuing on t h e  j o i n i n g  o f  r e f r a c t o r y  metals and the i r  a l loys ,  
superalloys,  t i tanium alloys,  beryll ium, thoria-dispersed nickel,  etc. 
A limited amount of work is  also being conducted on the  jo in ing  of 
dissimilar materials. There i s  widespread use of intermediate materials 
fo r  a id ing  the diffusion bonding process, and considerat ion of  diffusion 
barrier materials f o r  t h e  jo in ing  of incompatible dissimilar materials 
has been made i n  some cases. These e f f o r t s  have led t o  the recognition 
of cer ta in  favorable  joint  systems;  however, clearer fundamental 
guidelines are needed t o  select reliable material systems i n  all 
cases. 
The experimental work has centered on the bonding of t h i n  gauge 
materials in  lap  jo in t  conf igura t ion .  Limited a t t en t ion  has been 
directed toward fabrication of T-joints and o the r   spec ia l i zed   j o in t  con- 
f igura t ions .  
The evaluat ion of  diffusion bonded j o i n t s  i s  conducted by metallo- 
graphic  examination, shear peel and t e n s i l e  tests. Comprehensive thermal 
shock t e s t i n g ,  i n t e r d i f f u s i o n a l  s t u d i e s  and standardized testing 
procedures seem t o  be lacking. 
It is  evident t h a t  t h e  t r a n s i t i o n  from l a b o r a t o r y  f e a s i b i l i t y  t o  
hardware application requires a careful consrderation .of the fundamentals 
of diffusion bonding for each application. 
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CHAPTER 4. APPLICATION OF DIFFUSION BONDING 
A. INTRODUCTION 
The purpose of th i s  chap te r  is t o  suggest methods and d i r ec t ion  o f  
i nves t iga t iye  work t h a t  are necessary for broadening applications of 
d i f fus ion  bonding. 
This d i f fus ion  bonding study has covered many appl ica t ions ,  most o f  
which  have  been in  the nuclear  engineer ing field. The processes that  
have been used most a r e  gas pressure bonding and roll bonding. To a more 
limited ex ten t ,  we have seen some appl icat ion of  diffusion bonding in  the 
aerospace  industry. Examples are d i f fus ion  bonded honeycomb, e l ec t ron ic  
chi l l  panels ,  cryogenic  plumbing  and specialized clad composites.  We 
have, f u r t h e m r e ,  seen  tha t  inves t iga t ive  work has covered a rather wide 
range of engineering materials. 
I t  has become evident  tha t  a bet ter  understanding of  cer ta in  require-  
ments for diffusion bonding i s  needed before broader application w i l l  be 
realized. The relevant  factors  regarding the select ion of d i f fus ion  
bonding as a joining technique and the need f o r  development w i l l  be dis- 
cussed in  this  chapter .  
f'ramework f o r  the  consideration of diffusion bonding as a jo in ing  
technique. In prior chapters w e  have ind ica t ed  the  bas i c  f'undamentals 
and recorded a rather large amount of experimental work. When viewing 
the  experimental work, it i s  evident t h a t  i n  terms of the  ove ra l l  
diffusion bonding requirements, the work is  oftentimes inconclusive. 
Therefore ,  specif ic  areas  for  development  have  been delineated. 
C, BONDING REQUIREMENTS 
It must be emphasized t h a t  t h e  bonding requirements for one com- 
bination of materials may not  necessar i ly  be apgl icable  to  another  
materials system even in  cases  where t h e  materials involved have highly 
similar cha rac t e r i s t i c s .  Each materials system  needs t o  be considered 
ind iv idua l ly  in  regard t o  bonding  requirements. The l o g i c  and reasoning 
follows the guidelines set i n  Chapter 2 on "Diffusion Bonding Fundamentals". 
However, t h e  understanding of t h e  mechanism of diffusion bonding is  not 
such as t o  allow the spec i f ica t ion  of  the bonding requirements directly 
from an observat ion of  the material groper t ies .  The material  
c h a r a c t e r i s t i c s  can be relied upon t o  f u r n i s h  a s t a r t i n g  p o i n t  i n  the 
se l ec t ion  o f  t he  bonding conditions, but generally some amount of 
i nves t iga t ive  work i s  t o  be anticipated. Consideration of  the j o i n t  con- 
figurations involved is  necessary. The magnitude of an inves t iga t ive  
e f f o r t  w i l l  depend on the  materials system, joint  configuration and 
prior joining information. 
D. DIFFUSION BONDING FORVAT 
This is  a guide t o  be used in  cons ider ing  the  use  of  d i f fus ion  
bonding for  a par t icu lar  jo in ing  appl ica t ion .  The format is presented 
i n  t a b u l a r  form (Table 4-11. The four c lasses  of techniques previously 
defined are l i s t e d  w i t h  re levant  comments in  regard  to  the  bonding  
parameters. (25) 
This table i s  i n t e n t i o n a l l y  b r i e f  t o  f a c i l i t a t e  i t s  use. It i s  based 
upon the fundamentals o f  diffusion bonding as discussed in Chapter 2. 
It is recognized that  the dis t inct ion between techniques i s  some- 
what a rb i t ra ry .  However, by us ing  these  def in i t ions ,  there  is  a l o g i c a l  
basis for  discussion and in te rpre ta t ion  of  the  inves t iga t ive  work. 
A conceptual representation of t h e  format is shown in Figure 4-1. 
The pressures  are based on t h e  y i e l d  stress of  the mater ia ls  at the bonding 
temperature. It i s  evident  that  at a constant pressure,  techniques I ,  
I1 o r  I11 can be applied by varying the temperature. The lower curve i n  
Figure 4-1 r e f l e c t s  the f a c t  t h a t  the intermediate  foi ls  usual ly  possess 
( 6 6 )  
lower yield strengths than the base metals. 
Transient melt bonding is  a special  case wherein the l iquid phase 
in  the  in t e r f ace  e l imina te s  the  need for surface deformation. Normally 
only contact pressure i s  required to hold the  par t s  toge ther .  
Using this  format ,  one or  more techniques that  have p o t e n t i a l  f o r  
a given combination of materials and joint  configurat ion can be selected.  
The available bonding equipment and the particular component geometry w i l l  
influence the choice of the technique. 
. 
Factor 
1. Pressure 
2. Temperature 
w P m 3. Time 
TABU 4-1. FORMAT OF DIFFUSION BONDING TECHNIQUES 
I. Y ield-Stress 
Controlled Bondinq 
Above yield-s t ress  
of one of t h e  com- 
ponents at bonding 
temperature 
H i g h  enough t o  
lower the  yield- 
stress # 
Short,  of the 
order of seconds 
or minutes. 
11. Diffusion 
Controlled Bonding 
From approximately 
0.7 t o   t h e   y i e l d  
s t r e s s  at bonding 
temperature. 
Usually above 0.5 
times the melting 
temperature of one 
of the components. 
Generally several 
hours 
4. Atmosphere Vacuum o r   i n e r t  Vacuum or   i ne r t  
gas ; i f  tempera- gas * 
t u r e  i s  low 
enough, t he  pro- 
t ec t ive  atmos- 
phere may not be 
necessary. 
111. Creep 
Controlled Bondinq 
From a few ps i  t o  
approximately 0.7 
of the   y i e ld  
stress. 
Usually above 0.5 
times the melting 
temperature of one 
of the components. 
Lmg times on the 
order of 24 hours 
o r  more. 
Vacuum o r  i n e r t  
gas. 
IV.  Transient-Melt 
Diffusion Bondina 
Normally 1 t o  15 ps i  
o r  higher i f  it is 
desired t o  minimize 
the  amount of l i q u i d  
by extrusion during 
joining. 
Above the lowest 
liquidus temperature. 
Minutes t o  form a 
bond through the 
liquid phase; perhaps 
many hours of diffusion 
t o  produce a higher 
remelt temperature. 
Vacuum o r  i n e r t  gas. 
TABLE 4-1. FORMAT OF DIFFUSION BONDING TECHNIQUES (Continued) 
I. Yield-Stress 11. Diffusion 
Factor  Controlled Bondinq Controlled Bondinq 
5. Surface  Plastic  &formation  Impurities t ha t  
Cleanliness w i l l  break up the  inhibi t   d i f fusion 
surf  ace films , and result i n  
therefore the jo in t s  having  poor 
cleanliness  mechanical  prop r- 
required for  diffb-  t ies must be elim- 
sion and creep con- inated. 
t r o l l e d  bonding may 
be somewhat relaxed. 
6 .  Surface No smoother than Further  c lar i f i -  
Roughness necessary to  assure  cation i s  desirable 
v1 
P 
\o 
intimate contact, but in general  the 
considering the  roughness should 
amount of  p las t ic  be less than 100 
deformation. microinches. 
7. Intermediate Desirable f o r  low- Desirable  for low- 
pressure and temp- pressure and temp- 
erature;  careful erature;  careful 
consideration of  consideration of 
alloying character- alloying character- 
i s t i c s  i s  required. i s t i c s  i s  required. 
Metal er ing the  bonding er ing  the bonding 
111. Creep 
Controlled Bonding 
Impurities t ha t  
inhibi t  diffusion 
and result i n  
joints having poor 
mechanical proper- 
t ies must be elim- 
inated. 
Further  c lar i f i -  
cation is desirable 
but in general  the 
roughness should 
be less than 100 
microinches. 
Desirable f o r  low- 
er ing the bonding 
pressure and temp- 
erature  ; careful 
consideration o f  
alloying character- 
i s t i c s  is  required. 
IV.  Transient-Melt 
Diffusion Bonding 
Impurities that  
inhibi t  diffusion 
and result in  jo in t s  
having  poor mechani- 
cal   propert ies  must 
be eliminated. 
A rougher surface 
than techniquesn and 
I11 is sat isfactory;  
as the  roughness 
increases, the  smount 
of intermediate metal 
must increase t o  
assure that  interface 
voids do not develop. 
Necessary when joining 
similar metals; dis-  
similar metal combina- 
t ions  may provide low 
melting  eutectics ; 
normal alloying cm- 
siderations apply. 
Yield  Stress  - 
H 
H 
1 10 102 103 104 105 106 
Time (Sec) 
Figure 4-1. Time-Pressure  Relation  for  Diffusion Bonding. (From: "The Application'of 
Refractory Metal Foi ls  t o  Re-entry Structures" by A. G. Metcalfe, e t  al, 
i n  Proceedings of Golden Gate k t a l s  Conference ASM, February 13-15, 1964, 
~01~me II, p. 667-735). 
Each of  the  above ciasses of techniques may be examined fo r  t he  
par t icular  appl icat ion and the most sui table  selected for  experimental  
invest igat ion.  Knowing t h e  material cha rac t e r i s t i c s ,  t he  bonding pressure 
and temperature range can be selected from t h e  bonding format. Then these  
conditions can be compared with the capaci ty  of  the avai lable  equipment 
and t h e   j o i n t  geometry. 
For example, i n i t i a l ly  y i e ld - s t r e s s  con t ro l l ed  bonding may be con- 
sidered.  This means tha t  the  necessary  in te r face  and component deforma- 
t i o n  m u s t  be acceptable. If t h e  p a r t i c u l a r  component geometry i s  such 
t h a t  no deformation i s  a c c e p t a b l e  o r  i f  t h e  a v a i l a b l e  equipment cannot 
provide sufficiently high bonding pressures and temperatures, diffusion 
or creep controlled bonding can be considered. 
When t h e  s i z e  o r  geometry o f  t h e  components t o  be joined precludes 
pressures greater than several  ps i ,  transient melt  diffusion bonding is  
a t t r ac t ive .  The acceptab i l i ty  o r  removal (by diffusion treatment) of the 
low melting phase is a major consideration. 
Having made an analysis of diffusion bonding as described above, 
an appropr ia te  inves t iga t ive  e f for t  i s  planned based upon pr ior  research .  
This work is directed toward determining specific bonding parameters 
from the general  def ini t ions of  the format .  
E. PROPOSED  EVELOPmNTAL WORK 
The experimental work descr ibed  in  th i s  sec t ion  i s  d i rec ted  a t  
c l a r i fy ing  ce r t a in  of the fundamental considerations of the diffusion 
bonding process. The proposed work is viewed as forming a b a s i s  f o r  a 
clearer understanding of the  process  and thereby i t s  broader application. 
Specif ic  materials are not  discussed but ,  rather, the overriding considera- 
t i o n s  t h a t  are common t o  all materials. 
1. Intimate  Contact 
Determination of the material f ac to r s  t ha t  are most desirable f o r  
obtaining int imate  contact  of two so l id  su r faces  i s  necessary  to  descr ibe  
the  minimum bonding temperature and pressure.  The primary factors are 
surface roughness and cleanliness. In order to minimize the formation of 
i n t e r f ac i a l  vo ids  and achieve metal-to-metal contact over the e n t i r e  i n t e r -  
f ac i a l  a r ea ,  it i s  necessary to  know t h e  r e l a t ionsh ip  of these factors .  
For th i s  r eason ,  it i s  proposed that  research be conducted along the l i n e s  
described below. 
(a)  Inves t iga te  severa l  mater ia l s  and develop a model r e l a t i n g  the 
y i e l d  stress, modulus, duc t i l i t y ,  s t r a in  ha rden ing  and the  su r face  
roughness  tha t  resu l t  in  t h e  minimum bonding pressure and temperature 
t h a t  y i e l d  m a x i m u m  area of   contact .  
(b) Based upon the  information developed in (a)  , inves t iga te  the 
influence of surface contamination (primarily oxides and in t e r -  
stitials such as ni t rogen,  carbon,  e tc . )  on formation of intimate 
contact . 
I n i t i a l l y  such an inves t iga t ion  would be done wi th  similar metals t o  
obtain the basic information. Cunningham and Spretnak (lo) have conducted 
an inves t iga t ion  of  t h i s  nature  on the self-bonding of copper. Continued 
work i n  t h i s  d i r ec t ion  is warranted t o  develop a model t h a t  appl ies  to  
widely varying mechanical properties. Eventually the work should be 
extended to cover the bonding of dissimilar metal combinations. 
2. In t e rd i f fus ion  
When dissimilar metals are in  con tac t  a t  e levated temperatures ,  inter-  
d i f fus ion  w i l l  occur. T h i s  i n t e rd i f fus ion  is a s igni f icant  fac tor  dur ing  
diffusion bonding and subsequent elevated temperature service. Hence, 
i n  any joining operat ion involving dissimilar materials, there must be 
assurance that  the propert ies  of  the r e s u l t a n t  s o l i d  are s a t i s f a c t o r y  
f o r  the  intended use. 
The study of t h e  literature on diffusion bonding indicates that  t h e  
in te rd i f fus ion  of  dissimilar metals dur ing  jo in ing  or  in  serv ice  of ten-  
times results in void formation. Furthermore, mechanically unsatisfactory 
propert ies  can develop in  the joint  as a result of  the in t e rd i f fus ion  
morphology. 
The desire t o  f a b r i c a t e  components made of dissimilar materials i s  
growing. The wider appl icat ion of  diffusion bonding w i l l  a l so  requi re  
the  use  of dissimilar metals in  contac t .  There are two c h a r a c t e r i s t i c  
requirements of diffusion bonding that make t h i s  associat ion necessary:  
(a) The use of a lower melting intermediate metal t o  enhance 
d i f fus ion  and the formation of intimate contact,  and 
(b) The use of barrier me ta l s  t o  e l imina te  o r  retard t h e  i n t e r -  
diffusion of  metal lurgical ly  incompatible  metals. 
When two metals having a la rge  d i f fe rence  in t he i r  melting points are 
in  con tac t ,  t he  d i f fus iv i ty  o f  the lower melting metal will be higher. 
It is  often seen under these conditions that in t e rd i f fus ion  of these 
two metals w i l l  result i n  the  formation of voids in the lower melting 
metal. This occurrence i s  not  seen i n  all cases.  Apparently  void forma- 
t i o n  results from the  more rapid movement of  the atoms from the lower 
melting material in to  the  h igher  mel t ing  material. More complete 
information i s  needed t o  understand which metal combinations w i l l  
produce  voids.  Such  information is  p r e r e q u i s i t e  t o  p r o p e r  s e l e c t i o n  
of intermediate materials. 
The mechanical properties of the s o l i d  ( a l l o y )  t h a t  results from 
the  in te rd i f fus ion  of  two metals i s  o f  paramount importance. It i s  
generally recognized that  some degree  of  so l id  so lubi l i ty  of  the metals 
i s  necessary and that b r i t t l e  phases and intermetall ic compounds are t o  
be avoided. 
The jo in ing  o f  two dissimilar metals is the formation of a new 
a l l o y  o r  series of alloys. Frequently it is  d e s i r a b l e  t o  j o i n  metals 
t h a t  do not meet with the requirements noted above. One obvious 
so lu t ion  i s  t o  use a d i f fus ion  ba r r i e r ,  i f  one i s  ava i lab le ,  or t o  
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select a t h i r d  metal t h a t  can form an alloy having satisfactory mechanical 
(67) 
propert ies .  The work of Peters, e t  a1 provides   ins ight   in to  the 
behavior of i n t e rme ta l l i c  compounds and some hope that they  may be modi- 
f ied by a l l o y i n g   t o  be mechanically acceptable. 
The proper t ies  of  a l loys  that can form as a result of  in te rd i f fus ion  
can be evaluated by the normal fabrication techniques. However, t h e  need 
for fundamental research i s  i n d i c a t e d  t o  c l a r i f y  the microstructural  
behavior when dissimilar metals are allowed t o  i n t e r d i f f u s e .  Some experi- 
mental work d i rec ted  a t  iden t i fy ing  t h e  formation of  intermetal l ics  in  
j o i n t s  between various dissimilar metals has been conducted by Young and 
Jone s . Diffusion  couples  between  various metals were bonded and (76) 
allowed to i n t e r d i f f u s e  at elevated temperatures for considerable lengths 
of  time. The resu l t ing  jo in t  micros t ruc tures  and hardness values across 
the j o i n t  were recorded. Some of the per t inent  data obta ined  in  t h i s  
inves t iga t ion  is  presented  in  Table 4-2. 
Having conducted research directed toward t h i s  end, there w i l l  be a 
better understanding of the metals that may be used as intermediate metals 
t o  enhance diffusion and barriers t o  retard diffusion.  
3. Tooling and Release Materials 
P rac t i ca l  app l i ca t ion  of diffusion bonding requires tooling and 
release materials appropr ia te  for  the jo in t  conf igura t ion  and materials 
to  be joined. The tool ing  f ix tures  apply  the bonding pressure and provide 
! 
TABU 4-2 
SUMMARY OF BONDING COMBINATIONS,  THICKNESS AND HARDNESS INCREASE OF IM'IIERMETALLIC ZONES (76) 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Base Metal Combination 
Cb-lZr to b O . 5 T i  
Cb- lZr  t o  316 ss 
m - 1 ~  t o  6 6 0 5  
F-48 t o  b-.5Ti 
F-48 t o  316 SS 
F-48 to 6 6 0 5  
~0-.5Ti t o  3 6  ss 
Mo-. 5 T i  to  6605  
Mo-. 5Ti t o  Rene 4 1  
cb-lzr t o  k 
cu t o  316 ss 
Thickness of Interm t a l l i c  Zone 
In. x 10 t 
1 n n 
1800'~ 
n. 
4 Hrs. 
N i l  
2.0 
1.6 
N i l  
2.2 
? 
1.4 
1.2 
1.6 
N i l  
* 
12 Be t o  316 SS Not Measurable 
D. 
2000'F 
4 Hrs. 
N i l  
4.5 
5.9 
N i l  
3.7 
4.0 
4.3 
4.0 
3.1 
-" 
"- 
"- 
L. 
~ + 1 6 0 0 O ~  
100 Hrs. 
" 
5.0 
"- 
"- 
"- 
-" 
"- 
" 
-" 
N i l  
* 
-" 
% Increase in Hardness at J o i n t  
Over the  Harder Base Metal 
A. 
- 
1800'~ 
4 Hrs. 
0 
325 
140 
0 
108 
63 
79 
125 
88 
0 
0 
570 
B. 
2000'F 
4 Hrs. 
"_ 
300 
"- 
"_ 
"_ 
100 
"_ 
"_ 
97 
"- 
"- 
-" 
* An extensive,  soft diffusion zone vas observed. 
material. support  and protection from gaseous contamination during 
bonding. Tooling, e used here, refers t o  a l l  materials having access 
t o  the components to be joined. 
With r e spec t  t o  the  materials t o  be joined, the release materials 
should: 
(a) Form no bond 
(b)  Not contaminate 
( c )  Be e a s y  t o  u t i l i z e  and subsequently rewve 
No s t i c k i n g  between too l ing  and components i s  obviously t h e  desirable 
condition. However, it is frequently  not  possible.   In  such  cases,   the 
removal of  too l ing  or  suppor t  fixtures depends upon formation of only a 
w e a k  bond with the component, o r  the too l ing  is leached out by an ac id  
treatment. 
Contamination during bonding can be gaseous (i.e. oxygen, nitrogen, 
e t c . )  o r  so l id .  The solid contamination refers t o  formation of mechani- 
cally undesirable phases and compounds through interdiffusion with 
too l ing  f ix tu re s .  
The ease of handling of release materials is  an important considera- 
t ion .  In the case of s o l i d  materials tha t  a lso  perform a support  task,  
f a b r i c a t i o n  t o  t h e  desired shapes should not require complicated techni- 
ques o r  cos t  of the joining operat ion increases  rapidly.  Liquid s top-  
weld materials, app l i ed  in  the form o f  t h i n  films o r  castable  slurries, 
are frequent ly  the easiest t o  use. 
- . . . .. . . . . . .. . .
It is  evident tha t  the  too l ing  and release materials are an i n t e g r a l  
part of  any diffusion bonding application. Therefore,  when th i s  p rocess  
is' considered for jo in ing  new materials, t h e  factors  discussed here must 
be evaluated. 
4. Thermal S t a b i l i t y  
With the increasing desire t o   j o i n  dissimilar metal components, 
diffusion bonding is a logical  considerat ion.  It is recognized tha t  when 
the coef f ic ien t  of  thermal e x p a s i o n  and t h e  modulus of t h e  mater ia l s  
involved are d i f f e r e n t ,  a temperature change can cause thermal stresses. 
In  particular, t h e r e  i s  conce rn  fo r  s a t i s f ac to ry  performance of such 8 
joint  under  condi t ions of thermal cycling. Conceivably, thermal stresses 
could cause dissimilar metal j o i n t   f a i l u r e  even under conditions of no 
ex terna l   load ,  
There i s  increasing recogni t ion in  the l i terature  of  the problem of  
different  thermal  and mechanical  propert ies ,  but  analyt ical  t reatment  of  
dissimilar metal joints  appears  t o  be lacking. Admittedly, it is  a 
d i  f f i c u l t  t ask. 
As previously reported i n  Chapter 3 ,  one approach t o  t h i s  problem is 
t o  use a material having an intermediate  coeff ic ient  of expansion 
between the dissimilar metals i n  the joint .  Extending t h i s  concept, a 
t r ans i t i on  p i ece  wi th  a continuously varying coefficient of thermal 
expansion has been used fo r   b r idg ing  the gap between the  two metals. (23) 
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The prac t ica l  impl ica t ions  of  these approaches are not clear, espe-cially 
when one considers  the larger structural configurations.  
It appears desirable that the thermal s t a b i l i t y  o f  d i s s i m i l a r  metal 
j o i n t s  be treated ana ly t i ca l ly  and experimentally. The re su l t i ng  informa- 
t i o n  w i l l  a l low the  se lec t ion  of' dissimilar metal combinations and j o i n t  
configurations that can perform as a sa t i s f ac to ry  jo in t .  "his information 
should relate t h e  c o e f f i c i e n t  o f  thermal expansion, modulus, yield stress, 
d u c t i l i t y  and in te rd i f fus ion  of  t he  materials with t h e  mechanical 
propert ies  of  t he  jo in t .  The mechanical properties of i n t e r e s t  are the 
s t a t i c  and fa t igue  (i.e. mechanical and thermal) s t rength.  
5. Diffusion  Acceleration Aids 
A number of techniques to  acce lera te  a tomic  d i f fus ion  have been 
invest igated.  "he most obvious diffusion a i d  is, of course,  t h e  use of  
a lower melting metal i n  combination w i t h  a high melting metal. This 
approach has been discussed in length in other sections and w i l l  not  be 
considered here. It i s  s t ressed  aga in  tha t  the primary requirement for 
an intermediate metal is metal lurgical  compat ibi l i ty  with the metals t o  
be joined. Some addi t ional  techniques,  whose cont r ibu t ion  to  d i f fus ion  
is  no t  ye t  c l a r i f i ed ,  are l is ted below with appropriate discussion. 
(a)  Surface  Conditioninq 
A high dis locat ion densi ty  on a surface w i l l  increase the ten- 
dency toward recrystall ization. Surface conditioning by abrasion, 
shot  peening or  other  techniques is a d i r ec t  a t t empt  to  c rea t e  a 
mre active surface. There is diffusion bonding experience that  
suggests t h a t  bond formation i s  a s s i s t e d  by t h i s  approach. (21) How- 
ever,  t h e  broad implications of this technique are not  c lear .  The 
magnitude of t h i s  effect  should be determined, as indicated below: 
(1) Evaluate the effects  of  surface condi t ioning of  several  
materials on the  minimum bonding temperature and pressure. 
(2 )  I n v e s t i g a t e  t h e  e f f e c t  on the   jo in t   micros t ruc ture .  The 
effect of this high dis locat ion densi ty  on t h e  mobili ty of the 
in t e r f ace  and formation and growth of voids must be known. 
(b)  Induction  Heating 
Samuel (68) has demonstrated that induction heating enhanced 
diffusion in bonding experiments. The reasoning t o  support the 
enhanced diffusion effect  i s  presented  in  t h e  form of three possible  
phenomena : 
(1) Diffusion at grain boundaries or subgrains takes place 
i n i t i a l l y  due to  the sharp temperature  gradient  which i s  then 
followed by t ransverse volume d i f fus ion ,  o r  
(2)  The change i n  magnet ic  suscept ibi l i ty  at d i f f e r e n t  con- 
centrat ions of  t he  diffused layer cause additional atomic 
mobi l i ty ,  o r  
( 3 )  The high f requency  f ie ld  affects t h e  e l e c t r o n  d i s t r i b u t i o n  
and l a t t i c e   s p a c i n g  of the material and increases  t he  number of  
atoms capable of moving in to  vacant  sites. 
(69) Other  esearch was conducted to  confirm the r e su l t s   ob ta ined  
by Samuel. T h i s  work could not duplicate the previous results and 
reported t h a t  the acce lera ted  d i f fus ion  e f fec t  was not  due t o  induction 
heating. 
The real effect  of  induct ion heat ing on d i f fus ion  i s  no t  c l ea r ly  
understood. It appears evident that  further invest igat ion of  possible  
enhanced diffusion due to  induct ion  hea t ing  i s  warranted. It i s  also 
reasonable t h a t  the e f f e c t  o f  high frequency resistance heating be 
inves t iga t ed  fo r  an enhanced diffusion effect .  
( e )   A l lo t rop ic  Phase  Transformations 
There i s  fundamental reason and experimental  evidence indicating 
tha t  cyc l ica l  hea t ing  through a phase transformation temperature 
enhances diffusion. Research ( 6 9 )  has been conducted t o  e v a l u a t e  th i s  
concept  for  a iding diffusion bonding. T i t a n i u m  was used as an i n t e r -  
mediate metal fo r  j o in ing  TZM lap joints. Titanium undergoes a phase 
change at 1625O F and experimentation has shown tha t  bonds produced 
at temperatures near t h i s  phase transformation temperature were 
stronger than bonds produced at both lower and higher temperatures. 
- . .. . . " . ... . ." . - ". . . .. ." . - 
The inc rease  in  bond s t r eng th  was s l i g h t  and so was  not 
investigated f 'urther.  A possible explanation was t h a t  t h e  s t r e n g t h  
increase may be due t o  a s u p e r p l a s t i c i t y   e f f e c t   i n  titanium during 
the transformation. 
It is  recognized t h a t  t h i s   e f f e c t  i s  probably of small magnitude 
and i s  limited i n  a p p l i c a t i o n  by the requirement of a phase change a t  
a temperature that is acceptab le  to  t h e  metals t o  be joined. However, 
it is  a source of energy that may be bene f i c i a l  in cer ta in  appl ica t ions .  
It i s  pointed out  that  the t ransformation under  considerat ion i s  
d i f fus ionless  and results i n  a volume change. Therefore,  the possible 
enhanced diffusion related to  t h i s  e f f e c t  is dependent upon t h i s  volume 
change. There is  an accompanying rearrangement  of the surface atoms 
and thereby an ac t iva t ion  on the  surface that conceivably can enhance 
d i f fus ion  in  the in te r face .  
It i s  r e c o m n d e d  t h a t  the r e l a t i v e  c o n t r i b u t i o n  o f  t h i s  e f f e c t  
be evaluated with respect  to  the  other  diff 'us ion accelerat ing methods. 
(d)  Small  Diameter Atoms 
The use of small diameter atoms as an intermediate metal t o  
enhance diffusion is  an a t t r a c t i v e  idea. Conceivably, these atoms  can 
d i f f u s e  i n t e r s t i t i a l l y  a t  higher than normal rates. Feduska (61) has 
developed beryll ium transport  alloys for diffusion bonding iron, 
n icke l  and cobalt-base high-temperature alloys. Beryllium with i t s  
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small atomic diameter i s  reported as a use fu l  "primary" diffuser 
e l emen t  fo r  f ac i l i t a t i ng  the  bonding of these materials. Beryllium 
powder suspended i n  an organic binder has a l s o  been used t o  m a k e  
s t r o n g  d u c t i l e  j o i n t s  with s t a i n l e s s  steel. (70) 
It is  readi ly  apprec ia ted  tha t  e lements  l ike  bery l l ium,  s i l i con  
and phosDhorous should diffuse more rapidly because of their s m a l l  
s ize.  However, unless  int imate  contact  is a t t a i n e d  p r i o r  t o  the  
diffusion t reatment ,  the  mechanism f o r  the enhanced union of two so l id s  
i s  not evident.  If int imate  contact  has already been a t t a ined ,  
possibly by using very high bonding pressure,  then the need for  
sophis t ica ted  d i f fus ion  aids i s  not  c lear .  
Inves t iga t ive  work should be directed towards evaluating t h e  real 
contr ibut ion of  s m a l l  diameter atoms to  d i f fus ion  bonding. For 
instance,  i f  the minimum bonding pressure and temperature (wi th  
cont ro l led  sur face  condi t ion)  are known f o r  a metal, then the real 
e f f e c t  o f  a small diameter atom on diffusion can be eva lua ted  in  
comparison with t h i s  prior experience.  
6. Joint   Evaluat ion 
IvIechanical t e s t ing  o f  d i f fus ion  bonded j o i n t s  must be designed in  
considerat ion of  ant ic ipated stress condi t ions in  service.  A contr ibut ion 
i n  t h i s  d i r ec t ion  has been made by the study conducted at Solar.  
An analys is  of stress d i s t r ibu t ion  in  s ing le  ove r l ap  jo in t s  has 
(73,74 1 
153 
described the t ea r ing  stresses created normal t o   t h e   p l a n e  of t h e   j o i n t .  
It  was found that: 
(a) Tearing stresses increase rapidly with a decrease in  the thick-  
nes s  o f  t he  in t e rmed ia t e  fo i l  i n  the j o i n t .  The  maximum t e a r i n g  stress 
increased by a f a c t o r  o f  9,  when the  in te rmedia te  fo i l  th ickness  
decreased  from .002” t o  .0002”. These computed values are f o r  j o i n t s  
i n  columbium with a t i t an ium  in t e r l ea f .  
(b)  The t e a r i n g  stress increases  grea t ly  wi th  i nc rease  in  the  modulus 
o f  e l a s t i c i t y  of the intermediate material. Joints  of  tantalum wi th  
d i f fe ren t  in te rmedia te  metals were u s e d  t o  i l l u s t r a t e  t h i s  behavior. 
The computed t e a r i n g  stress increased from 9 t o  249 p s i  when the 
modulus o f   e l a s t i c i t y   o f  the intermediate increased from 1 t o  27 
mil l ion  ps i .  
( c )  The t ea r ing  stress rises wi th  increasing  overlap  length.  In a 
tantalum to tantalum joint ,  the  maximum t e a r i n g  stress increased from 
249 p s i   t o  1,013 p s i  when the overlap length increased from 0.050” t o  
0.1”. 
( a )  The t ea r ing  stress v a r i e s  i n  magnitude and sign along the  
length  of  the overlap. These computed stresses are t e n s i l e  at the  
center of the overlap,  become compressive when going away from t h e  
center  and become t e n s i l e  as the  end of the joining metal is 
approached. The t e a r i n g  stress has i t s  maximum value a t  t h e  end of 
the jo in t .  
( e )  In t h i s  work, it was found tha t  an overlap length of  4 t o  8 
times t h e  material thickness  w a s  adequate t o  assure 100 pe rcen t  j o in t  
eff ic iency.  
These f indings highlight the  complex stress state tha t  e x i s t s   i n  a 
simple l a p  j o i n t .  
Solar  has se lec ted  the t e n s i l e  s h e a r  test as the  best s ing le  method t o  
eva lua te  d i f fus ion  bonded jo in ts  based  on the i r  findings.  However, it i s  
pointed out  that  a satisfactory mechanical test must dupl ica te  as nearly 
as possible  the an t ic ipa ted  stress state in  serv ice .  On f o i l  o r  t h i n  sheet, 
the peel  test i s  a lso  highly recommended. Additional mechanical tests 
such as thermal s t a b i l i t y ,  stress rupture  and fa t igue  a re  appropr ia te  and 
frequently necessary. Representative t es t  specimens for conducting these 
tests on d i f fus ion  bonded j o i n t s  are shown in Reference 74. 
\ 
An addi t ional  considerat ion to  mechanical  tes t ing arises due t o  the 
absence of f i l l e t i n g  a d j a c e n t  t o  d i f f u s i o n  bonded jo in t s .  A stress 
concentration similar t o  a small radius crack can develop a t  the  edge 
of  the bond with a possible  compromise of a test. Test procedures should 
be designed t o  circumvent t h i s  inherent problem. Machining t o  remove 
t h i s  region or  to  provide relief is  one solution. 
Finally,  it is stressed tha t  realist ic t e s t ing  r equ i r e s  t h a t  the 
j o i n t s  be evaluated by tests r e f l e c t i n g  the actual  service condi t ions.  
F. SUMMARY 
The i n t e n t i o n  o f  t h i s  s e c t i o n  has been t o  provide a basis f o r  the 
se l ec t ion  o r  r e j ec t ion  o f  a diffusion bonding technique for a jo in ing  
application. A format  for  the select ion of  diffusion bonding techniques 
has been presented. The u t i l i t y  of t h i s  format i n  planning and eva lua t ing  
development e f f o r t s  has been indicated. The need to  eva lua te  each  
jo in ing  app l i ca t ion  fo r  i t s  spec ia l  requi rements  pr ior  to  use  of 
diffusion bonding has been stressed. 
A large p a r t  of t h i s  chapter has been devoted to  d iscuss ion  of  
development work r e q u i r e d  t o  c l a r i f y  t h e  following fundamental considera- 
t ions  of  t h e  diffusion bonding process: 
Intimate Contact 
In t e rd i f fus ion  
Tooling and Release Materials 
Thermal S t a b i l i t y  
Diffusion Acceleration Aids 
Joint  Evaluat ion 
CONCLUSIONS AND RECOfrIMENDATIONS 
Diffusion bonding is a spec ia l ized  jo in ing  process  tha t  o f fe rs  
unusual advantages when compared to  rou t ine  jo in ing  t echn iques -  The 
inadequacy of  s tandard techniques for  fabr icat ing s t ructures  f r o m  ce r t a in  
materials of i n t e r e s t   i n  the aerospace and nuclear  indus t r ies  w i l l  
result in increasing emphasis on d i f fus ion  bonding. This technique 
can produce joints which possess propert ies  c losely approaching those 
of the base mtals. The process has been used t o  combine duc t i l e  and 
brit t le materials and t o  produce j o i n t s  of high r e l i a b i l i t y  as demn- 
strated in  f ab r i ca t ion  of nuclear reactor fuel elements.  These fac to r s ,  
plus  a growing need f o r  the jo in ing  of similar and dissimilar materials 
i n  the s o l i d  state, w i l l  result in  inc reased  u t i l i za t ion  o f  d i f fus ion  
bonding. 
A t  p resent ,  the appl ica t ion  of diffusion bonding to the jo in ing  
o f  complex s t ruc tures  requi res  cons iderable  development work. A 
diffusion bonding format such as the one presented i n  Table 4-1 should 
be used t o  plan and evaluate  the  required development effort .  The 
r e l i a b i l i t y  of the process w i l l  be increased through a bet ter  under- 
s tanding of the fundamental  areas affecting t h e  process as indicated 
i n  Chapter 4. It is  bel ieved that fur ther  research should be conducted 
to  permit  the broadest poss ib l e  u t i l i za t ion  o f  t he  p rocess  at the 
earliest prac t icable  time. The areas of  research are: 
Achievement of Intimate Contact 
In t e rd i f fus ion  
Tooling and Release Materials 
Dissimilar Joints under Thermal Fluctuation 
Diffusion Acceleration Aids 
Joint  Evaluat ion 
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